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1 
Abstract 
 Currently, almost all industrial processes employ some form of catalyst to increase 
economic viability, from fuel cells to refineries, catalysts are prevalent everywhere. The aim 
of this research project was to develop novel nanostructured materials for the purpose of 
enhancing catalytic processes such as the photocatalytic degradation of organic dyes and the 
enhancement of the catalytic processes of direct methanol fuel cells. 
 The work undertaken in this thesis has been split into three distinct streams. While the 
three streams concentrated on distinctly different material systems, common themes of 
galvanic replacement and the use of different solvents to achieve different structures 
intertwine and link the different chapters of the thesis. 
 Firstly (chapter 3), when galvanic replacement of Ag nanospheres with [AuBr4]
-
 ions 
were compared in an aqueous solvent and an ionic liquid, structures with remarkably different 
morphologies were observed in these two solvents. This study highlighted the significantly 
different replacement reaction kinetics in ionic liquid than that seen in aqueous solutions, 
thereby leading to markedly different reaction products in these two solvent systems. In water, 
hollow Au-Ag nanoshells were observed after galvanic replacement, however growth and 
shape transformation from nanospheres to hierarchical dendritic nanostructures was achieved 
in the ionic liquid. The improved performance of dendritic structures synthesized in ionic 
liquid over hollow nanostructures synthesized in water has been demonstrated for hydrazine 
and formaldehyde oxidation reactions, which are important reactions for liquid fuel cell 
applications. This study revealed for the first time the significant role that solvents may play 
during galvanic replacement reactions. 
 Secondly (chapter 4), the reaction between semiconductor microrods of CuTCNQ and 
[AuBr4]
-
 ions was explored in both acetonitrile and aqueous solutions whereby the reactions 
were found to be redox in nature and proceed by a galvanic replacement mechanism wherein 
the surface of the CuTCNQ microrods is replaced with metallic Au nanoparticles. It was 
established that given the difference in solubility and stability of reactant species generated 
during the galvanic replacement reaction in different solvents, the reactions in acetonitrile and 
aqueous solution proceed along two very different mechanisms wherein two different reaction 
products were obtained by simply modifying the reaction medium. In addition to supporting 
the findings of the previous chapter (chapter 3) that solvents can play a critical role in 
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determining the outcomes of galvanic replacement reactions, this work also established for the 
first time that metal-organic semiconducting, charge transfer complexes such as CuTCNQ can 
not only be galvanically replaced by metal salts, these materials also possess photocatalytic 
properties. 
 Lastly (chapter 5), in an attempt to improve the photocatalytic efficiency of TiO2 
based nanomaterials, we demonstrated a facile, generalised and highly localised reduction 
approach for the decoration of TiO2 surfaces with a range of metal nanoparticles including 
Cu, Ag, Pt and Au. This was achieved by employing a TiO2 surface bound Keggin ion, 12-
phosphotungstic acid, as a highly localised UV-switchable reducing agent, which specifically 
reduced metal ions into their nanoparticulate form directly and only onto the TiO2 surface. 
Notably this led to the metal contaminant free synthesis of TiO2-Keggin ion-metal 
nanocomposites which is a significant advantage of the proposed approach. The study further 
demonstrated that as Keggin ions are regenerable photoactive molecules of considerable 
electron transfer ability, the deposition of the metal nanoparticles on the TiO2@Keggin ions 
cocatalytic surface can have a dramatic effect on the overall photocatalytic performance of the 
composite system. Within this chapter of the thesis, the decoration of both TiO2 nanoparticles 
and nanotubes with both uni-metallic and bi-metallic nanoparticles is reported and the 
implications discussed. 
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1. CHAPTER I 
 
 
 
 
 
Introduction 
 
 
 
 
 
This chapter provides an overview to the thesis beginning with an introduction to the vast 
field of nanotechnology, providing a short history on the beginnings of nanotechnology and a 
brief primer to the direction in which nanotechnology as a field is striving towards. Some of 
the methods researchers employ to synthesise nanomaterials focusing on the importance of 
shape, size and surface and the modification of nanoparticles after synthesis is provided with 
an emphasis on the elegant galvanic replacement technique through which many of the 
nanomaterials presented in this thesis have come to be. An introduction to catalysis by 
nanomaterials is also provided to demonstrate the significant effect nanomaterials can have on 
industrial processes with particular attention paid to direct methanol fuel cells and 
photocatalysis by nanomaterials. Finally, a chapter wise summary of the thesis has been 
presented. 
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1.1 What is Nanotechnology? 
The field of nanotechnology was first proposed by Richard Feynman in 1959 in his 
influential speech “There’s plenty of room at the bottom”1 in which he described a field ‘in 
which little has been done, but which an enormous amount can be done in principle’. It took 
many decades after this seminal presentation for nanotechnology to spring into the public 
consciousness, sometime after the invention of the scanning tunnelling microscope in 1981.
2,3
   
Nanotechnology is not physics, chemistry, engineering or biology, it is all of these 
disciplines,
4
 nanotechnology has been referred to as “just a word, not a field”.5 It is a 
collective term for a set of technologies, techniques and processes, rather than a specific 
science or engineering discipline.
6
 It is about the phenomena that occur in a system with 
nanoscale features (features usually less than 100 nm in at least one dimension). The diameter 
of the smallest atom, hydrogen, is approximately 1/10 of a nanometre (specifically 1.1 
Angstroms) and as a result, nanotechnology can be considered the science of the atomic 
scale.
4,7-11
 Nanotechnology operates at the first level of atomic and molecular organisation of 
materials for systems both organic and anthropogenic; it is where the properties and functions 
of all systems are defined and on the nanoscale, the classical laws of physics do not always 
apply.  
 
Figure 1.1: The scale of nanotechnology [Courtesy: 
http://www.sustainpack.com/nanotechnology.html] 
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The prefix ‘nano’ is derived from the Greek word ‘νάνος’(pronounced ‘nannos’) 
meaning ‘dwarf’ and is used to quantify one-billionth (10-9) of the base unit, in this case, one 
nanometre is equal to 1x10
-9
 metres (0.000 000 001 metres). The term Nanotechnology itself 
can be traced back to a paper by Norio Taniguchi in 1974 entitled “On the basic concept of 
Nano-Technology”12 in which Taniguchi first described nanotechnology as the engineering of 
materials at the nanometre level. 
While nanotechnology and the scanning tunnelling microscope in particular had been 
around for several years, it wasn’t until 1985 where novel nanomaterials began to be 
discovered with the unveiling of the buckminsterfullerene (‘buckyball’, an arrangement of 60 
carbon atoms) by R. E. Smalley et al
13
 and in 1991 with the discovery of carbon nanotubes by 
Sumio Iijima
14
 working for the Nippon Electric Company (NEC). In 2000 the US 
Government developed the National Nanotechnology Initiative (NNI) in order to administrate 
funding and develop nanotechnology as the major research thrust of the 21
st
 century.
15
  
 
Figure 1.2: Image describing buckminsterfullerene (left) and carbon nanotube (right). 
[Courtesy of http://www.ozpod.com/zome/bucky.html and http://www.asbestos-
news.org/mesothelioma/carbon-nanotubes-could-lead-to-mesothelioma] 
 At present, nanotechnology can be considered an evolutionary technology, where truly 
revolutionary nanotechnological products, materials and applications are years in the future 
(albeit many researchers disagree on this time frame). The products produced from 
nanotechnological processes are often gradually improved over existing products whereby a 
nanoscale material or process is employed in an ever evolving quest to create better, smaller, 
more cost effective materials.
16
 Today, many materials are created through gross manipulation 
of objects that can be easily seen and nanotechnology can be described as a breakthrough 
pathway to allow researchers to play with the fundamental building blocks of matter, a new 
way to provide new materials with new properties.
17
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 Being a hugely multidisciplinary field which brings many scientific disciplines 
together, researchers are rarely limited in the goals they are able to pursue. The invention of 
new tools drives new advances in nanotechnology which in turn drives the development of 
new tools in a cyclic manner. The field of nanotechnology has the potential to make 
contributions and breakthroughs that we cannot yet understand or anticipate, where presently, 
we are able to build wonderful, seemingly random structures on the nanoscale but it is 
unfortunately very difficult to predict what these final structures are going to be.
17
 This is the 
biggest challenge in nanotechnology today; the control over self-assembly. 
1.2 Properties and potential applications of Nanomaterials 
While there are a multitude of different classes of nanomaterials that can be 
synthesised in practice, this body of work deals predominantly with the subsets of metal 
nanoparticles and metal oxide/semi-conductor nanoparticles. Brief introductions to several of 
these nanomaterial classes are outlined below. 
For centuries, metal nanoparticles were responsible for the vibrant colours observed in 
stained glass windows where, for example, gold nanoparticles give rise to intense reds and 
silver nanoparticles to brilliant yellows.
18-21
 This light scattering phenomenon is termed 
surface plasmon resonance (SPR) which gives colloids (a suspension of a solid phase material 
in a liquid phase material) of nanoparticles characteristic colours based on size, shape, 
composition, dielectric medium and proximity to other nanoparticles.
22
 SPR is a quantum 
optical-electrical phenomenon caused by the propagation of surface electromagnetic waves 
along a metal/dielectric interface. The resonant plasmon will generate an electric field 
extending a short distance from the metal surface.
22-26
 The formation of surface plasmons 
occurs when an incident beam of light undergoes total internal reflection at the metal surface. 
Because the electric and magnetic fields of an electromagnetic wave cannot both be equal to 
zero at the metal surface (the metal boundary), an evanescent wave is produced and 
propagates a short distance along the metal surface.
24,25,27,28
 
While most metals produce surface plasmons, the ratio of surface electrons to bulk 
electrons in a bulk material is so miniscule that the resonance effects of the surface plasmons 
are undetectable.
25
 As the ratio of surface electrons to bulk electrons is increased by reducing 
the size of the material the plasmon resonance effects of the material can be distinguished. 
This leads to the intense colours often observed for colloidal metal nanoparticles.
27,29
 Perhaps 
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the most recognisable example of surface plasmon resonance is the Lycurgus cup which dates 
back to the 4
th
 century AD. The glass in the cup contains small nanoparticles of silver and 
gold through which plasmon resonance occurs as white light passes through the glass causing 
the glass to appear red when lit from behind, however when lit from in front the glass appears 
green.  
 
Figure 1.3: Excitation of surface plasmons by incident light that has undergone total internal 
reflection. 
Metal oxide (MOx) nanoparticles are promising materials as they can be prepared with 
highly ionic and extremely high surface areas that can possess unusual crystallography which 
can demonstrate numerous surface reaction sites.
30
 The highly ionic nature of many MOx 
nanoparticles allows the formation of many stable surface defect sites, and many MOx 
systems are considered hard acids or bases and therefore possess reaction sites capable of 
catalysing acid/base chemistry. For these reasons, MOx nanoparticles are often employed 
directly as a catalyst or as a very high surface area catalytic support.
31
 As there are a 
significant number of MOx’s available the properties of metal oxide nanoparticles can vary 
greatly depending on the elements present. MOx’s containing alkali and semi metals such as 
MgO, CaO, Al2O3 and SiO2 are generally considered to be insulating oxides whereas MOx’s 
incorporating transition metals such as TiO2, ZnO, NiO, Fe2O3 and Cr2O3 display 
semiconducting properties.
32
 
Not all semiconducting nanoparticles are metal oxides however, the most studied non- 
metal oxide semiconductors are cadmium chalcogenides such as cadmium selenides (CdSe), 
cadmium sulphides (CdS) and cadmium tellurides (CdTe) which are broadly termed quantum 
dots (QDs).
33
 QDs were perhaps the first materials synthesised that demonstrated quantum 
size effects which corresponded to changes in electronic structure with changes in particle 
size.
34
 Recently, researchers have been able to synthesise semiconducting nanomaterials 
consisting of alternating layers of metal and organic moieties such as in copper TCNQ 
(TCNQ = 7,7,8,8-tetracyanoquinodimethane) which have demonstrated an incredible 
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switching effect from low to high impedance states with changes in crystal phase upon 
application of electric fields or optical excitation.
35-37
 
While semi-conducting nanoparticles seek to provide significant advantages for 
potential applications, there exists a tremendous drawback in the phenomenon of charge-
recombination which is inherent to all wide band gap semiconducting materials such as 
TiO2.
38,39
 Upon excitation and promotion of an electron from the valence band to the 
conduction band (across the band-gap) of a semiconducting material there exists a tremendous 
electrostatic driving force to recombine the electron and the newly generated electron-less 
hole which becomes a major rate-limiting factor when the semiconducting material is 
employed in a catalytic process.
38,39
 
 
Figure 1.4: Highly stylised schematic representation of the charge-recombination 
phenomenon of semiconducting particles. 
 Presently, many researchers are attempting to devise methods in which the inherent 
charge-recombination phenomenon can be circumvented. This includes, but is not limited to, 
the doping of semiconductor materials with transition metal and non-metal elements
40,41
 such 
as vanadium, platinum, nitrogen and sulphur such that the presence of these elements within 
the structure of the semiconductor can act to decrease the size of the band gap. By decreasing 
the band gap, less energy is required to promote an electron to the conduction band and as a 
result more electronic transitions are likely to occur and lower wavelength (less energetic) 
radiation can be used. Researchers have also attempted to deposit metal nanoparticles on the 
surface of semiconductors to supress the charge recombination phenomenon by providing 
electron sinks (the metal nanoparticles) through the formation of Schottky barriers at the 
metal nanoparticle-semiconductor junction. As electrons migrate across the Schottky barrier 
they are trapped and the charge-recombination phenomenon can be repressed.
18,42-44
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The past two decades have seen the rapid expansion of nanotechnology as a research 
field, with the number of research groups working in the field increasing tremendously. This 
great interest has manifested itself in the form of materials with potential applications that 
range from catalysts,
45-50
 sensors,
51-55
 optoelectronics,
56-58
 biology,
59-63
 solar cells,
64-66
 fuel 
cells,
67-70
 non-linear optical devices
71-74
 and clinical diagnostics.
75-77
 The great potential of 
nanostructured materials comes from their unique physico-chemical, magnetic, electronic and 
optical properties which can be adjusted by modifying the shape,
22,28,78-80
 size,
22,25,28,79-84
 
composition,
22,25,80,83
 environment in which the nanomaterial is found (the dielectric 
medium)
22,78,85
 and the proximity of the nanostructure to other nanostructures.
86-88
  
1.3 The Formation of Nanoparticles and the Importance of Particle 
Size, Shape and the nature of the Surface 
Presently, researchers attempting to synthesise nanomaterials employ one of the two 
approaches, the “top-down” or “bottom-up” approaches.4,7,8,11,89-94  
Firstly, we will consider the top-down approach. The top-down approach is analogous 
to first fabricating the bulk material before gradually being able to reduce the size of the 
fabricated material through engineering controls. Examples of “top-down” processes include 
‘ball-milling’,95-97 a process whereby steel balls are used to grind a bulk material into a 
powder with nanometre dimensions, ‘atomisation’98,99 where a liquid is converted into an 
aerosol (liquid dissolved in gas) by forcing the liquid through a nozzle at high pressures and 
‘combustion’,100,101 for example trees burning in a forest fire will produce nanoaerosols.  
Conversely the bottom-up approach is analogous to starting with the atoms themselves 
and being able to position these atoms into meaningful arrangements, some examples of 
“bottom-up” fabrication include; reduction of metal salts102-104 where clusters of noble metals 
are fabricated by reducing a corresponding metal salt with a reducing agent such as sodium 
citrate or sodium borohydride, and ‘chemical vapour deposition (CVD)’105,106 which forms 
nanomaterials from the gas phase at elevated temperatures.  
The fabrication methods encountered in this body of work can all be considered to be 
“bottom-up” methods. The advantages of the “bottom-up” fabrication approach are numerous 
as the environments under which fabrications occur can be very well controlled. As most 
“bottom-up” processes exploit much weaker intermolecular interactions (interactions between 
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molecules) rather than interactions within the molecule the nanomaterials can be fabricated 
under milder conditions.
8
 
 
Figure 1.5: Cartoon demonstrating the Top Down and Bottom Up approaches to 
nanoparticle synthesis. 
1.3.1 The growth of nanoparticles 
Through the most common process of nanoparticle formation; metal salt reduction, 
spherical nanoparticles (nanospheres) represent the simplest form of any nanoparticles and 
hence are the easiest to understand.  
Experimental evidence
91,92
 suggests that nanospheres form through an initial burst of 
growth that results in the formation of a large number of small nuclei, the formation of these 
nuclei consumes reactants and lowers the concentration of the reaction medium to a point 
where no further nucleation occurs and the nanoparticles then grow by a slow diffusion 
limited process in solution. This approximates a process which is initially very rapid and 
becomes slower as time progresses. This can be easily presented in the following diagram: 
In small nanoparticles such as the recently formed nuclei, the proportion of surface 
atoms to bulk atoms is very high. Because of this proportion of surface atoms the excess 
surface energy of small particles becomes increasingly important.
109
 In comparison to bulk 
materials, in nanomaterials the surface excess energy constitutes a non-negligible proportion 
of the total energy of the system. 
After formation of new nuclei ceases, a diffusion limited growth process occurs where 
the formation of larger particles at the expense of smaller particles acts to reduce the surface 
area to volume ratio of the system, which in turn reduces the surface excess energy. As this 
effectively lowers the total energy of the system, the growth of larger nanostructures instead 
of the nucleation of new nanoparticles becomes increasingly thermodynamically 
favourable.
109
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Figure 1.6: Diagram illustrating the conditions of nucleation proposed by La Mer et al.
107,108
 
When the rate of the reaction at the surface of the nanoparticle is a great deal slower 
than the diffusion of reactants through the solution (therefore the rate of reaction is limited by 
the reactants) the size distribution of the nanoparticles formed when the reaction is completed 
will be much broader and more symmetrical than those which are governed by a diffusion 
limited process (a process where the diffusion of the reactants through the solution is much 
slower than the rate at which the reactants are consumed).
109
 
 
Figure 1.7: Diagram depicting mean particle size through diffusion and reactant limited 
processes.
109
 
When considering the growth and nucleation of nanoparticles in a reaction solution it 
becomes important to consider the two limiting factors (diffusion of reactants and reactant 
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concentration), as both play an integral role in the formation of the nanoparticles., It is 
through a complex interplay between differences in the local reactant concentration and the 
propensity of the reactants to diffuse through the solute that nanoparticles are formed. In the 
later chapters of this thesis, the diffusion and reactant limited processes which lead to 
different size and shape controlled synthesis of nanomaterials will be discussed in further 
detail with emphasis on the processes by which diffusion and reactant limitations affect the 
size and shape of the synthesised materials. 
1.3.2 The nanoparticle surface 
Due to their reactive nature, nanomaterials tend to react chemically, decompose or 
aggregate if not properly treated.
110
 Due to the proportionally large surface energy of 
nanoscale particles, it is important to prevent the synthesised nanoparticles from 
agglomerating and forming large aggregates. Because of the large surface energy, 
nanoparticles will form large clusters in an attempt to reduce the total surface area to volume 
ratio and as a result reduce the energy of the system.
111
  
A popular method of stabilising the surface of nanoparticles is the introduction of 
surfactants to impart steric forces on the surface of the nanoparticles. Surfactant molecules 
(containing lyophobic and lyophilic moieties) can adsorb to the surface of the nanoparticle 
where the lyophilic portion of the molecule can extend into the aqueous solvent medium and 
interact. The solvent-lyophilic moiety interaction acts to increase the free energy of the 
system and produces an energy barrier as two particles approach one another.
111
 This energy 
barrier effectively prevents the agglomeration of two particles.  
In addition to stabilisation to prevent aggregation of nanoparticles, modifying the 
surface with the surfactants has the effect of often making the nanoparticle more receptive to 
surface modification. By modifying the surface of the synthesised nanoparticles, the ability of 
the nanoparticles to interact with other chemicals or surfaces can be increased.
110
 
1.3.3 The resulting morphology 
In an attempt to reduce the surface energy of a system, nanoparticles will adopt a 
spherical (or quasi-spherical) shape which, as was previously mentioned, is the simplest shape 
a nanoparticle can adopt. By adopting this shape, the nanomaterial adopts the lowest energy 
configuration for solid materials, the spherical shape also corresponds to the lowest surface 
area/volume ratio for geometric solids
8
 and displays rotational symmetry. 
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Other geometric solids such as cubes, rectangular prisms, pyramids, wires and discs 
can be synthesised by introducing capping agents such as surfactants which can be used to 
restrict the growth of nanoparticles along specific crystal planes in addition to providing 
stabilisation against aggregation. The use of specific capping and stabilization agents has 
allowed the synthesis of metallic (these metals are most often silver, gold or platinum) 
nanocubes,
112-119
 nanoprisms,
117,120-125
 nanorods and nanowires,
115,117,120,126-129
 nanodiscs and 
nanoplates.
115,117,130-133
 
 
Figure 1.8: Cartoon depicting some shapes nanoparticles can adopt. 
The surface area/volume ratio of a nanoparticle is inversely proportional to the size of 
the nanoparticle in question. As the size of the particle is increased, the proportion of atoms 
on the surface of the particle will be observed to decrease with a similar increase in the 
number of atoms on the interior of the particle. For example, a hypothetical cubic gold 
particle 2 nm in diameter will contain approximately 350 atoms of which 220 can be 
considered surface atoms corresponding to approximately 63%. By increasing the particle size 
to 10 nm the surface/volume ratio decreases to approximately 17% of atoms on the surface 
while a further increase in particle size to 50 nm correlates to approximately 3.5%. For 
instance this can be easily expressed mathematically where the volume (V) and surface area 
(A) of a cube is equal to (r is the length of the sides): 
     and       
 So the surface/volume ratio can be expressed as: 
 
 
 
   
  
 
 It can be seen that if the side length is increased that the surface/volume ratio will 
decrease as a power law. 
Having a proportionally large number of surface atoms is important in nanotechnology 
as surface atoms are the first atoms to participate in a reaction and form an interface with the 
reaction environment.
8
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1.3.4 Modification of nanoparticles 
In nanotechnology, modified and bimetallic materials often convey significant 
advantages over their uni-metallic counterparts; the distinct advantage being the combination 
of the properties of the individual metals. In a time where researchers are actively attempting 
to reduce the content of rare noble metals to reduce the cost of their devices, coupling an 
expensive metal (such as gold or platinum) with a less expensive metal can prove to be 
significantly advantageous. One such method of obtaining bimetallic metal nanostructures is 
through the galvanic replacement method,
134,135
 which has been employed extensively in the 
body of work presented in this thesis. 
Recently, galvanic replacement has become an elegant approach to synthesise 
bimetallic metal nanoparticles by employing a sacrificial metal and a suitable metal ion as a 
selective etchant in a single step reaction.
134-137
 As a common high school experiment, if an 
iron nail (Fe
0
) was to be immersed in a solution containing copper ions (Cu
2+
, usually as 
copper sulphate, CuSO4) the nail in the solution would be oxidised to release iron ions (Fe
2+
) 
in the solution while simultaneously the copper ions in solution would be reduced to form 
metallic copper (Cu
0
) on the surface of the iron nail. 
 
Figure 1.9: Cartoon demonstrating the redox reaction between an iron nail and solution 
containing copper ions 
As the electrode potential for the copper ion/copper metal couple is greater than the 
electrode potential for the iron metal/iron ion couple (as displayed in Table 1 in water), the 
laws of thermodynamics insist that the reaction cannot proceed in the opposite direction (iron 
ions acting to oxidise metallic copper) without an applied current.
138
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Standard electrode potentials (or redox potentials) of half-cell reactions are a method 
of measuring how readily a substance loses electrons. In particular they give a measure of the 
relative positions of equilibrium in reactions.
139
 The electrode potentials of several half-cell 
reactions are displayed in Table 1.1. 
Element Half-Cell Reaction Electrode Potential (V) 
Gold140 Au3+ + 3e-  Au
0
(s) +1.52 
Platinum141 Pt2+ + 2e-  Pt
0
(s) +1.188 
Silver140 Ag+ + e-  Ag0(s) +0.7996 
Copper142 Cu2+ + 2e-  Cu0(s) +0.34 
Hydrogen 2H+ + 2e-  H2(g) 0 
Iron141 Fe2+ + 2e-  Fe0(s) -0.44 
Zinc140 Zn2+ + 2e-  Zn
0
(s) -0.7618 
Titanium141 Ti2+ + 2e-  Ti0(s) -1.63 
Table 1.1: The electrochemical series of a selection of transition metals 
With regards to equilibrium, the more negative the electrode potential, the more to the 
left the position of the equilibrium will be and conversely, the more positive the electrode 
potential, the more to the right the equilibrium will be, relative to the standard hydrogen 
electrode. For example, the large positive electrode potential of the gold half-cell reaction 
indicates that gold accepts electrons much more readily than hydrogen and is therefore far less 
likely to release electrons.
139
 It must be noted that the above electrode potentials apply only to 
aqueous systems and that the potentials and kinetics of redox reactions in non-aqueous (e.g. 
organic solutions and ionic liquids) may be markedly different to those in aqueous solutions.  
When two reactants come into contact, electrons will flow from one reactant to 
another, which upsets the equilibrium of the system and Le Chatelier’s principle will apply. 
At its most basic, a typical iron/copper ion galvanic replacement reaction follows the 
following half-cell reactions (half-cell potentials will differ based on what species of each 
reactant is present): 
Cu
2+
 + 2e
-
  Cu0(s) (+0.34 V) 
Fe
2+
 + 2e
-
  Fe0(s) (-0.44) 
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The half-cell reaction with the ‘more negative’ potential (in this case the iron half-cell) 
will move to the left and the half-cell reaction with the ‘more positive’ potential will move to 
the right. As we start with iron metal (Fe
0
) and copper ions (Cu
2+
), the iron half-cell will shift 
its equilibrium to the left and so iron metal atoms will release their electrons to the copper 
ions in solution. The copper ions (Cu
2+
) will receive the ‘flow’ of electrons from the iron 
metal and the equilibrium of the copper half-cell reaction will shift to the right, resulting in 
the formation of copper metal atoms. 
Therefore if the half-cell reactions are rearranged the overall reaction can be written 
as: 
Fe
0
(s) + Cu
2+
 Fe2+ + Cu0(s)   (+0.78 V) 
 The overall reaction potential is positive which indicates that the reaction is 
thermodynamically possible, however, an overall positive potential does not indicate whether 
a redox reaction will take place only that the reaction is possible. In reality the reaction may 
not occur due to factors such as overcoming activation energies.
139
 
Research into these reactions on colloidal metal nanoparticles has found that in 
aqueous or organic solvents, galvanic replacement reactions typically generate a bimetallic, 
hollow pseudo-allomorph of the original template structure. For example, spherical 
nanoparticles can generate hollow nanoshells while cubic nanoparticles (nanocubes) can 
generate hollow nanoboxes.
143-146
 
1.4 Catalysis by Nanomaterials 
The term catalysis was first coined in 1836 by Jons Jacob Berzelius who described a 
‘force’ which is reflected in the capacity that some substances have “by their own mere 
presence and not by their own reactivity, to awaken activities that are slumbering in molecules 
at a given temperature.”147 This is the core of the idea behind a catalytic material, the catalyst 
acts to enhance the rate or yield of the reaction without being consumed by the reaction itself. 
While the catalyst may be temporarily converted to other intermediate forms during the 
reaction, it is always returned to its original state (the catalyst is regenerated) at the conclusion 
of the reaction. 
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Today, almost all industrial processes employ some form of catalyst to be 
commercially viable. Consider the disproportionation of hydrogen peroxide to form water and 
oxygen: 
2H2O2  2H2O + O2 
 The reaction rate at room temperature is so miniscule that it is nearly immeasurable 
because only a small percentage of molecules have sufficient energy to overcome the 
activation energy barrier required for a chemical change.
147
 By employing a manganese oxide 
(MnO2) catalyst, the rate of disproportionation can be greatly increased making the process 
much more economical. 
 
Figure 1.10: Schematic describing the effect of a catalyst on the disproportionation of 
hydrogen peroxide through reduction in activation energy. 
A catalyst accomplishes several things in a chemical reaction. Firstly it lowers the 
activation energy of the reaction (shown in Figure 1.10) allowing the reaction to proceed 
faster (more molecules have the required energy to react), importantly however, a catalyst will 
not change the thermodynamic equilibrium of a system; it will only allow the system to reach 
equilibrium faster. A catalyst can also increase the selectivity for a certain reaction pathway 
by lowering the activation energy for that pathway but not for others.
147
 
Perhaps the most important set of catalysts are those that exist inside our own bodies. 
Enzymes are a type of catalyst that catalyse biological reactions with incredible specificity, 
often increasing the rate of biological reactions by a factor of a million over an un-catalysed 
reaction. 
 In particular, the work undertaken in this thesis explores the specific catalytic 
processes employed in direct methanol fuel cells and explores efforts to increase the 
efficiency of photocatalytic processes of semiconductor based nanomaterials by decreasing 
the effect of charge-recombination and shifting the semiconductor band gap to allow a greater 
portion of the electromagnetic spectrum to interact. 
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 Direct methanol fuel cells (DMFCs) provide a direct current similar to a dry cell or 
alkaline battery by converting chemical energy into electrical energy. Generation of electrical 
energy is accomplished by reaction of a fuel source (in this case methanol) and an oxidant 
(often oxygen). Unlike a simple battery, a fuel cell can operate indefinitely if a continuous 
flow of reactants and the removal of reaction products is maintained.
148-150
 A simple 
schematic of a DMFC is shown in Figure 1.11. 
 
Figure 1.11: Schematic representation of a direct methanol fuel cell (DMFC). 
 Unfortunately, DMFCs are currently very limited in their voltage output, but due to 
the highly energy dense nature of methanol, are able to produce a lower voltage for a 
significantly long period of time making DMFCs ideal for small handheld electronic devices 
and some small vehicles (motorised scooters) but not for larger vehicles such as cars or 
trucks.
150,151
 
 Presently, DMFCs employ platinum catalysts in the anode, unfortunately, one of the 
intermediate products between methanol and CO2 is CO which adsorbs very strongly to the 
platinum surface, poisoning the catalyst. Currently a great deal of work is being undertaken to 
attempt to synthesise platinum materials with different morphologies (the [100] plane of 
platinum is less susceptible to poisoning) or materials which do not contain platinum.
152,153
 
 A photocatalyst is defined as a catalyst that is activated through irradiation with a 
source of photons, it is a process through which a photochemical alteration occurs in a 
material as a result of absorption of radiation by the photocatalytic material, after which the 
photocatalytic material is returned to its initial state.
154-157
 
 An excellent example of a naturally occurring photocatalyst is the chlorophyll 
molecules found in plants. Chlorophyll ‘captures’ sunlight to turn water and carbon dioxide 
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into oxygen and glucose, however, without the presence of a source of light, chlorophyll 
cannot catalyse the reaction. Similarly, without chlorophyll to act as a photocatalyst, the 
reaction will not occur.
158,159
 
A similar process occurs in photoactive semiconducting materials when exposed to 
(often) ultraviolet light. UV radiation excites electrons from the valence band of the 
semiconductor to the conduction band generating an electron and electron-less hole pair.
157
 In 
aqueous solutions, the electron-less hole is able to react with water molecules to form 
hydrogen gas and the hydroxyl radical (OH
-
) which is considered one of the most powerful 
oxidising agents, while the negative electron is able to react with dissolved oxygen to form 
the superoxide radical (O2
-
).
155-157
 Through facile generation of hydroxyl and superoxide 
species, photocatalytic processes are particularly suited to the breakdown of organic 
environmental toxins such as paints and dyes and for the disinfection of surfaces and 
liquids.
154-157,160
 
While catalysts are employed in many different processes, at the basic level catalysts 
can be broken down to exist in two types: homogenous catalysts (where the catalyst exists in 
the same phase as the reaction and often facilitates the reaction by forming intermediate 
products before being regenerated) and heterogeneous catalysts (where the catalyst is in a 
different phase to the reaction).  
 
Figure 1.12: Schematic representation of hydroxyl and superoxide radical formation through 
a photo-activated process. 
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While very effective, homogenous catalysts suffer the considerable drawback of being 
very difficult to recover from the reaction mixture and as such if the product of the reaction 
remains in the same phase (i.e. it does not form a precipitate or a gas in a liquid reaction 
phase) then the product will remain contaminated by the catalyst. Use of a heterogeneous 
catalyst provides a recoverable surface for catalytic reactions however the performance is 
most often eclipsed by a homogenous catalyst.
161
 The use of metal nanoparticles as catalysts 
allows researchers to mimic metal surface activation and catalysis at the nanoscale and 
thereby bring selectivity and efficiency to a heterogeneous catalyst which can be recovered 
from the reaction, thus combining the advantages of both homogenous and heterogeneous 
catalysts.
162
 
Unlike other metals of similar atomic number or group such as platinum, palladium, 
silver and iridium which are highly active catalysts, for centuries gold was believed to be 
largely chemically inert and therefore a very poor catalyst. This assumption was categorically 
changed in the 1990’s however with the findings by Haruta, who discovered that nanosized 
clusters of gold could catalyse the reaction of CO to CO2 at low temperatures and a direct 
correlation between gold nanoparticle size and the catalytic effectiveness of the nanoparticles 
was established.
163
 
As previously mentioned, as particle dimensions become are reduced the ratio of 
surface atoms (those with a lesser degree of coordination) to bulk atoms (those with a full 
degree of coordination) markedly increases. It is theorized that nanomaterials made of gold 
become effective catalysts on the nanoscale due to an increase in the number of atoms on the 
surface which have a lower degree of coordination, predominantly the corners and edges of 
nanoparticles.
163,164
 
 
Figure 1.13: Graphic demonstrating the differences between corner, edge and surface atoms. 
Courtesy of Hvolbæk et al.
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While shape plays a major role in determining the catalytic efficiency of a particular 
nanomaterial, the catalytic performances of nanoparticles can be finely tuned either through 
changes to their shape, which determines surface atomic arrangement and coordination, or 
changing their composition (for example bimetallicity through galvanic replacement), which 
mediates electronic structure.
165
 
1.5 Thesis Overview 
The work presented in this thesis describes the synthesis of several different classes of 
nanomaterials which incorporate in some manner the technique of galvanic replacement with 
an end goal of synthesising a material which has catalytic properties that are enhanced with 
respect to already available catalyst materials. Importantly, it has been demonstrated that 
using the galvanic replacement technique, a multitude of nanoscale materials with unusual 
and functional properties can be synthesised in a rather simple, repeatable process. 
The chapter breakdown of the thesis is as follows: 
Chapter 2 concerns the many instruments used in this body of work for the 
characterisation of the synthesised materials. The dendritic Au/Ag nanoparticles, 
CuTCNQ/Au microrods and metal decorated TiO2 nanoparticles were examined using UV-
visible spectroscopy (UV-Vis), vibrational spectroscopy techniques including fourier-
transform infrared spectroscopy (FT-IR), Raman spectroscopy and surface enhanced Raman 
spectroscopy (SERS), X-ray diffraction (XRD), transmission and scanning electron 
microscopy (TEM and SEM) and elemental analysis techniques such as energy dispersive X-
ray analysis (EDX) and X-ray photoelectron spectroscopy (XPS). 
Chapter 3 discusses the synthesis and characterisation of dendritic Au/Ag 
nanostructures synthesised through the galvanic replacement mediated transformation of 
silver nanospheres in the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate 
([BMIM][BF4]). While the same reaction in water yielded hollow Au/Ag nanoshells the 
reaction in the ionic liquid yielded branched hierarchical dendritic nanostructures 
demonstrating a stark contrast in the reaction mechanism when a non-aqueous solvent is 
employed. The synthesised materials were employed in the electrochemical oxidation of both 
hydrazine and formaldehyde to demonstrate the ability of these materials for potential fuel 
cell oxidation reactions showing a significant negative shift in onset potential of 200 mV. The 
dendritic materials also correlated with a 10 fold increase in sensitivity for detecting 4,4-
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bipyridal in surfaced enhance Raman studies, with respect to hollow Au/Ag nanoshells 
synthesised in water. In summary, the work shown in this chapter demonstrates for the first 
time, galvanic replacement of nanomaterials in ILs which was thus far restricted to aqueous 
and organic solvents. 
Chapter 4 describes the synthesis of micrometre sized rods of CuTCNQ (Copper 
7,7,8,8-tetracyanoquinodimethane) and the galvanic replacement of these microrods with 
KAuBr4 to facilitate the decoration of the microrods with gold nanoparticles in acetonitrile 
and water. By studying the results of the galvanic replacement reaction with differing 
concentrations of KAuBr4 in acetonitrile it was determined that two competing reactions were 
taking place, the dissolution of CuTCNQ into acetonitrile and the galvanic replacement of 
CuTCNQ with KAuBr4 to form gold nanoparticles. At lower concentrations of gold the 
dissolution mechanism dominated while at higher concentrations of gold the galvanic 
replacement reaction was the dominant process. However, the galvanic replacement reaction 
in water was found to be dramatically different, while there are similarities in the morphology 
of the final product, the mechanism by which galvanic replacement in each solution proceeds 
is dramatically different. In summary, the work undertaken in this chapter demonstrates for 
the first time that galvanic replacement of organic seminconductors is also feasible in addition 
to typically employed metal nanoparticles in the literature. 
Chapter 5 defines the decoration of nanoparticles and nanotubes of TiO2 with metal 
nanoparticles using the Keggin ion phosphotungstic acid (PTA, H2PW12O40) as a highly 
localised UV-switchable reducing agent. By varying the surface charge (through modification 
with amine functional groups) and metal composition (deposition of Cu, Ag, Pt and Au 
nanoparticles was performed) on the surface of the TiO2-PTA composite materials, keen 
observations of the effects of metal nanoparticles on the charge-recombination phenomenon 
inherent to semiconducting materials could be made in accordance with the observed 
photocatalytic activity for the composite. In addition to decoration of TiO2 particles, the 
deposition of Cu, Ag, Pt and Au nanoparticles was performed on nanotubes of TiO2 (and 
amine modified TiO2 nanotubes) to ascertain the effect the morphology of the semiconducting 
TiO2 employed can have on the ability of the composite material to perform photocatalysis. 
Lastly, as an understanding of the deposition single metal nanoparticles on the photocatalytic 
activity of a material had been achieved, the formation of bimetallic alloy nanoparticles on the 
TiO2 surface was explored. In summary, this chapter demonstrates for the first time that 
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Keggin ions can be employed as UV-switchable reversible reducing agents to generate a 
range of metal nanoparticle decorated visible light active titania nanocomposites. 
Chapter 6 provides a summary of the research completed during this PhD candidature 
and provides a scope for future work in the areas studied. 
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2. CHAPTER II 
 
 
 
 
 
Characterisation Techniques 
 
 
 
 
 
The various characterisation techniques employed in this thesis are described herein. 
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2.1 Introduction 
This chapter is designed to explain the basic principles governing the techniques used 
in the characterisation of the nanomaterials synthesised in this body of work. This includes 
several spectroscopic and microscopy techniques such as UV-visible spectrometry (UV-vis), 
fourier transform infrared spectroscopy (FT-IR), Raman and surface enhanced Raman 
spectroscopy (SERS), X-ray diffraction using a General Area Detector Diffraction System 
(GADDS XRD), transmission and scanning electron microscopy (TEM and SEM), energy 
dispersive X-ray analysis (EDX) and X-ray photoelectron spectroscopy (XPS). 
2.2 UV-Visible (UV-vis) Spectrometry  
Electronic transitions within molecules are often induced by excitation with 
electromagnetic radiation, whereby a photon interacts with the molecule to promote an 
electron from a bonding or non-bonding orbital to an anti-bonding orbital.
1
 The quantum of 
energy of a photon that can be exchanged with the molecule is therefore a measure of the 
separation of the energy levels of the transition concerned and is dependent on the frequency 
of the incident radiation,
1,2
 described by ν (in s-1) in the following equation: 
     
  
 
 
Where E is the change in energy of the molecule in an electronic transition, h is the 
Planck constant (h = 6.626 x 10
-34
 J.s), c is the speed of light (~3 x 10
8
 ms
-1
) and λ describes 
the wavelength of the incident photon. 
Simply, one photon excitation follows the Beer-Lambert law relating the intensity of 
the incident photon, I0, to the intensity of the photon transmitted through a sample, I, by the 
equation: 
     (
  
 
)         
Where ε is the molar extinction coefficient of the sample, c is the molar concentration 
and l is the sample thickness (often 1 cm). Log10(I0/I) is referred to as the absorbance or the 
optical density and is simplified to A. 
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However, in the field of nanotechnology when one is dealing with predominantly 
inorganic materials (metals and semi-metals) of nanoscale size, the photon absorbance due to 
surface plasmons (as described previously in Chapter 1) has the effect of masking the 
majority of electronic transitions that occur.
3
 As the surface plasmon resonance is the result of 
the collective oscillations of the surface electrons the number and positions of the absorbance 
bands observed in a UV-visible spectrum are determined by the size of the axis along which 
electrons can resonate.
4,5
 As a spherical particle is homogenous in all directions and has 
continuous rotational symmetry, all axes along which electrons may oscillate are the same 
length and as a result, spherical nanoparticles will possess a single absorbance peak in a UV-
visible spectrum. Conversely, anisotropic nanoparticles possess multiple axes of different 
lengths along which electrons can resonate and as such will possess multiple absorbance 
bands in an absorbance spectrum.
4,5
 
By studying the changes in absorption maxima using UV-visible spectroscopy, the 
changes in the surface plasmon resonances of nanomaterials can be observed and followed 
and through the interpretation of the absorption maxima, the observed features can be related 
to a specific nanoparticle size, shape and composition.
5
 
UV-visible spectra were obtained on Cary 50 Bio Spectrophotometer operating at a 
resolution of 1 nm over a wavelength range of 200-800 nm. 
2.3 Vibrational Spectroscopy 
Vibrational spectroscopy is a powerful technique allowing researchers to analyse 
materials by observing the atomic vibrations of molecules when exposed to electromagnetic 
radiation of wavelengths an order of magnitude greater than those used in UV-visible 
spectroscopy (typically wavelengths of 2.5 – 25 μm, equivalent to 4000 – 400 cm-1 are 
employed). Vibrational spectroscopy may be employed to study both inorganic and organic 
molecules, however it may not be sued to study metallic samples as they strongly reflect 
electromagnetic waves.
6
 In the laboratory, FTIR and Raman spectroscopy are among the few 
techniques which can assist molecular interaction studies such as hydrogen bonding and 
provide molecular orientation information for surface studies.
7
 
When exposed to an electric field, such as that of a photon, molecules will vibrate. 
Similar to UV-visible spectroscopy, if the incident photon possesses the correct quanta of 
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energy that matches a discrete vibrational mode of the molecule, the molecule will absorb 
energy from the photon by the same equation:    
     
  
 
 
An interaction where the photon is absorbed by the molecule results in an infrared 
absorption. However if the photon is inelastically scattered by the molecule this information 
generally presents itself as weak bands with small wavenumber shifts in comparison with the 
incident radiation, this phenomena is known as Raman scattering.
7
 
2.3.1 Fourier Transform Infrared Spectroscopy (FTIR) 
To elaborate, infrared absorbance occurs when a photon induces a transition between 
two vibrational modes of a molecule, and this transition causes a change in the molecular 
dipole moment.
8
 If we consider a simple molecule; CO2, a linear molecule, which possesses 
three vibrational modes (symmetric stretch, bending and asymmetric stretching) it can be 
shown that symmetric stretching will not induce a dipole moment within the molecule and as 
such will not absorb an incident photon and is considered infrared inactive.
7
   
In 1893, William Henry Julius suggested that the absorption is due to internal motions 
in the molecule and that the internal structure of the molecule determines the spectrum.
9
 It has 
since been confirmed that these vibrational modes are characteristic to specific functional 
groups and as such the appearance (or non-appearance) of absorption bands in the infrared 
spectrum provides facile information about the presence or absence of particular functional 
groups in the molecule.
6-8
 Vibrational frequencies (ν) can be calculated using the following 
equation: 
   
 
  
√
 
 
 
Where k is the force constant and μ is the reduced mass. 
Employing the mathematical operation of Fourier transformation enables researchers 
to dramatically increase the signal to noise (S/N) ratio of a spectrum by reducing the time 
required to obtain a scan and hence increasing the total number of scans that can be 
performed. Rather than illuminating the sample with a monochromatic beam of light which 
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can take a great deal of time to analyse all frequencies, FT-IR instead illuminates the sample 
with a beam of light of many different frequencies at once and the intensity is measured. A 
Fourier transformation is then employed to convert the obtained intensity vs. time signal into 
an intensity vs. frequency signal which can then be deciphered by the researcher.
10,11
 
FTIR measurements were performed using a Perkin Elmer Spectrum 100 using a 
diamond Attenuated Total Reflectance (ATR) peripheral. For all samples, 8 scans were 
performed over the range of 4000 – 650 cm-1. 
2.3.2 Raman Spectroscopy and Surface Enhanced Raman Scattering (SERS) 
Complimentary to infrared spectroscopy, Raman spectroscopy is sensitive to changes 
in the vibrational states of molecules which alter their polarizability in contrast to changes in 
dipole moment in infrared spectroscopy.
12
 When a photon interacts with a molecule and is 
inelastically scattered there occurs a net effect where the frequency of the scattered electron is 
altered slightly, this change in frequency can then be used to form the basis of a form of 
spectroscopy.
13
 If the molecule absorbs energy from this interaction, the scattered photon will 
be red-shifted (i.e. it will have a lower energy with respect to the incident photon) in order to 
keep the total energy of the system balanced. This is referred to as a Stokes shift. Whereas if 
the molecule loses energy through interaction with a photon, the scattered photon will be 
blue-shifted (the photon will possess greater energy than the incident photon), this is referred 
to as an anti-Stokes shift. 
Similar to infrared spectroscopy, these frequency shifting interactions are 
characteristic to specific molecular functional groups and as such Raman spectroscopy can 
also be used to obtain a fingerprint of the molecule being studied. 
Additionally, the subset of Raman spectroscopy known as surface enhanced Raman 
spectroscopy (SERS) demonstrates the enhancement of the Raman effect when molecules are 
absorbed onto rough metal surfaces. The enhancement can be on the order of 10
14
 – 1015 times 
more sensitive, sensitive enough to allow the detection of single molecules.
14
 Currently there 
is much debate over the exact mechanism of the enhancement however researchers agree that 
there exist two cooperative effects contributing to the overall enhancement.  
The long-range electromagnetic effect (EM) is believed to contribute most to the 
enhancement and is based on the amplification of electromagnetic fields caused by the 
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oscillation of surface plasmons of features in the 10-100 nm size range. The oscillations of 
surface plasmons greatly enhance the electromagnetic field a few nanometers from the surface 
of the metal.
15,16
 In addition, the oscillations of the surface plasmons must be perpendicular to 
the surface as in-plane oscillations will not scatter incoming photons. It is because of this 
requirement that roughened surfaces or arrangements of nanoparticles are typically used in 
SERS.
17
 
The second effect is the short-range chemical effect (CM) which is believed to 
contribute less so than the EM effect and is associated with the bonding of the target molecule 
to surface defect sites such that charge can be readily transferred between the molecule and 
the metal surface.
16
 
Both Raman spectroscopy and SERS spectra were obtained on a Perkin Elmer Raman 
Station 400F. Liquid samples were prepared by drop casting 10 μL of the sample solution 
onto a polished gold slide and allowing the solvent to evaporate followed by drop casting 10 
μL of a solution of the probe molecule. Solid samples were analysed without any 
modification. Manual focus and 100% laser power was used in all experiments.  
2.4 X-Ray Diffraction (XRD / GADDS XRD) 
X-ray diffraction is a powerful tool allowing researchers to probe the crystalline 
structure of synthesised materials by bombarding the target with X-rays and observing the 
diffraction patterns as the incident X-rays are scattered.
18-20
 X-rays that reflect from the 
surface of the sample will have travelled a shorter distance than those x-rays that reflect from 
an internal plane of the crystal structure.  
 
Figure 2.1: Diagram depicting the parameters of the Bragg equation. 
For constructive interference to occur and give rise to a decipherable diffraction 
pattern (Figure 2.1), the x-rays which penetrate and reflect from internal crystal planes must 
travel an added distance equal to an integer number (n) of wavelengths (λ). This added 
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distance is dependent on the spacing between the atomic layers (d) and the incident angle of 
the electron beam (θ). This gives rise to the Bragg equation as displayed below: 
       ̅̅ ̅̅ ̅̅         
Therefore if the angle of incidence and the wavelength of the x-rays are known, the 
Bragg equation can be rearranged to allow the interplanar spacing to be calculated by: 
   
  
     
 
By calculating the spacing between atomic planes, structural information about the 
crystal planes of the synthesised materials can be determined.
18-20
 
X-ray Diffraction experiments were performed using a Bruker AXS D8 Discover with 
a General Area Detector Diffraction System (GADDS) micro diffraction instrument operating 
at 40 kV and 40 mA over a 2θ range of 15-85°, however the data that was obtained was often 
truncated before presentation for clarity. 
2.5 Electron Microscopy 
While spectroscopic techniques can give an indication of possible morphologies of 
synthesised nanostructures, directly imaging the materials requires the use of electron 
microscopes. Similar to light microscopy, where the resolution of the obtained image is 
dependent on the wavelength of light, electron microscopes use rapidly accelerated electrons 
that possess a much smaller wavelength, inversely proportional to the voltage used to 
accelerate them which allows electron microscopes to achieve resolutions which are several 
orders of magnitude greater than light microscopes. As the wavelength of an electron is 
typically on the order of several Angstroms, the most powerful transmission electron 
microscopes can achieve resolutions of several Angstroms. 
2.3.3 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy (TEM) refers to a technique where a beam of 
electrons, typically emitted from a tungsten cathode using accelerating voltages on the order 
of 100 kV, are directed through the use of magnetic condenser lenses to interact with a thin 
sample.
21,22
 Samples prepared for TEM analysis are generally very thin to allow the electron 
beam to transmit through the sample (generally a sample thicker than 300 nm will be 
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completely opaque to electrons). As the electron beam passes through the sample the incident 
electrons have several different fates; the electron may pass through the sample and remain 
undeflected, it may be elastically scattered or it may be inelastically scattered. If these three 
types of interactions are allowed to contribute to the obtained image all regions would look 
identical, in essence, there would be no contrast.
21
 By removing the scattered electrons 
through the insertion of an aperture after interaction with the sample the image formed will 
therefore be a direct correlation to the thickness and type of the material that the electron 
beam has passed through.
21,22
 
Heavier and denser elements scatter more electrons and therefore appear darker while 
materials of the same composition with different thicknesses will also display a contrast due 
to the thicker material deflecting more electrons. Consider a sample consisting of two regions 
of carbon of different thicknesses and a single region of gold. If the thin region of carbon 
scatters only 9% of the electrons and the thicker region scatters 22% of the electrons there 
will exist a faint contrast between the two regions. If the gold region scatters >90% of the 
electrons it will be clearly visible as a dark region in the electron image showing great 
contrast against the carbon regions.
21
  
 
Figure 2.2: The fate of 100 electrons falling on different sections of a material showing those 
electrons that have been scattered and those that remain unperturbed. 
All transmission electron microscopy was performed on a Jeol 1010 Transmission Electron 
Microscope operating at an accelerating voltage of 100 kV. All samples were prepared by 
drop casting the sample onto strong carbon coated 200 mesh copper grids and the solvent was 
allowed to evaporate. 
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2.3.4 Scanning Electron Microscopy 
Similar to TEM, scanning electron microscopy uses a beam of electrons to image a 
sample surface. Unlike the TEM which generates electrons through thermionic emission, the 
SEM generates electrons using a field emission gun (FEG) which operates by holding a sharp 
pointed tungsten emitter at several kV negative potential relative to a nearby counter-
electrode. A FEG is able to produce an electron beam that has a much greater current density, 
is smaller in diameter and is more coherent than conventional thermionic emitters. 
Unlike the TEM, the SEM does not produce a true image of the specimen being 
studied, rather the SEM produces a pseudo 3-dimensional, point by point reconstruction of the 
sample from a signal emitted when the electron beam interacts with the specimen.
23
   
When the electron beam interacts with the sample, several types of signals are 
produced. The two basic types of signals are; electrons (separated into secondary and back-
scattered electrons) and electromagnetic radiation (this will be discussed later). For the 
purposes of this body of work we have not employed back-scattered electrons and as such 
they will not be elaborated on here. Secondary electrons are electrons that are ejected from the 
valence or conduction bands of the sample and escape from a relatively shallow depth in the 
specimen and as such secondary electrons can be assumed to originate only from the surface 
of the sample.
23-25
 
Topographic contrast in an SEM image is obtained by measuring the amount of 
secondary electrons that reach the detector. Although many secondary electrons may be 
generated by interaction with the electron beam, only those that reach the detector will 
contribute to the image. In an SEM image the edges of topographic features appear brighter 
than their surroundings as secondary electrons are more readily able to escape from the 
surface; this contributes to the pseudo 3-D nature of a scanning electron micrograph.
23,25
 
SEM analysis of all samples was performed on a FEI Nova NanoSEM operating at an 
accelerating voltage of 15 kV, 3.5 nm spot size and 5 mm working distance. Samples were 
either drop cast on a piece of silicon or examined without modification by attaching the 
sample to an aluminium SEM stub with double-sided carbon tape. 
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2.6 Energy Dispersive X-Ray (EDX) Analysis  
Often used in parallel to scanning electron microscopy (SEM) is the microanalysis 
technique known as energy dispersive X-ray analysis (EDX) or energy dispersive X-ray 
spectroscopy (EDS).  
Electrons generated in the scanning electron microscope that interact with the sample 
surface with enough energy can force the ejection of electrons from the innermost orbitals of 
atoms on the surface and eject them all the way to the conduction band. Ejecting an electron 
from the inner orbitals creates a momentary vacancy within the atom into which an electron 
from a higher energy shell (relative to the ejected electron) will fall into.
26
 
 
Figure 2.3: Cartoon demonstrating the ejection of an electron through collision with an 
incident electron and the subsequent filling of the hole by another electron in the atom.  
As two shells possess different energy, the excess energy of the electron transition is 
released as a quantum of energy, generally in the X-ray region of the spectrum. If an electron 
ejected from the K shell is replaced by an electron from the L shell, the photon generated by 
the electronic transition will be designated Kα, whereas if an electron from the M shell falls 
into the vacancy the photon generated will be designated Kβ and so on.23 
As all elements possess unique electronic configurations, all elements will generate 
unique X-ray spectra. Therefore, elements within a sample can be easily qualitatively 
determined using EDX. Additionally, by studying the collected X-rays EDX can be used to 
semi-quantitatively determine the abundance of particular elements within a composite 
material through comparison with internal standards. However, the accuracy of this technique 
is not 100% and inaccuracies of up to 15% can be expected for lighter elements while 
inaccuracies for heavier elements such as transition metals are generally much lower.  
EDX analysis conducted in the body of work was performed on a FEI Nova 
NanoSEM instrument coupled with an EDX Si(Li) X-ray detector. 
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Figure 2.4: Image describing the various possible emissions of X-rays through the ejection of 
electrons to the valence/conduction band. 
2.7 X-Ray Photoelectron Spectroscopy (XPS) 
Similar to EDX, X-ray photoelectron spectroscopy can provide interesting information 
about the surface composition of a sample and the same principles of electronic transitions 
apply. However, whereas EDX is often coupled to a scanning electron microscope, the XPS is 
a stand-alone apparatus. 
Contrary to EDX, XPS works in the opposite manner; a beam of x-rays is directed at 
the target sample which interacts and eject electrons termed photoelectrons from the top 
layers of the sample surface. Rather than collecting the X-rays that would be generated when 
another electron falls into the newly generated hole, the ejected electron is itself collected. 
If an X-ray beam possesses great enough energy (hν) to eject an electron from within 
an atom, bound with an energy EB (the binding energy), the electron that is ejected will be 
observed to possess a kinetic energy of EK. By observing the law of conservation of energy:
27
 
             
Through a simple algebraic rearrangement it can be seen that if the kinetic energy of 
the ejected electron is known then the original binding energy of the electron can be 
determined, in this equation EW represents the work provided by the XPS through accelerating 
the electron to the detector. As previously mentioned, all elements have unique electronic 
configurations and hence electron binding energies and will therefore result in different XPS 
spectra.
28
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Photoelectron spectroscopy can be used as a qualitative method for determining the 
elemental composition of a sample surface through experimental comparison with calculated 
core level binding energies or comparison with derived spectra from standard samples, 
however quantitative assessments of samples are much more difficult.
29
 
X-ray photoelectron spectroscopy was performed on a Thermo K-alpha XPS 
instrument at a pressure better than 1x10
-9
 torr with the core levels aligned with the C 1s 
binding energy of 285 eV.  
2.8 Total Organic Carbon Measurement 
TOC measurements have been recognised as a technique for measuring the quality of 
drinking water for almost four decades. Measurement of TOC is important for public safety as 
water treatment facilities often employ chlorinated disinfectants which can react with organic 
carbon molecules in the water source to form what are termed chlorinated disinfection by-
products which are often carcinogenic.
30
 
TOC measurements are performed by first treating a carbon containing sample with 
phosphoric acid to remove inorganic carbon prior to analysis. TOC content is then measured 
by combusting the remaining carbon at over 1000 °C in an oxygen atmosphere to oxidise the 
organic carbon to form CO2. The gaseous CO2 is then allowed to flow through a non-
dispersive infrared detection cell (after flowing over scrubbers to remove chlorine and 
residual moisture) tuned to respond to CO2. By integrating the area under the signal vs time, 
the amount of CO2 can be calculated.
31
 
Total organic carbon measurements were performed on a I-O-Analytical, Model 1010 
equipped with an automatic sample injector. 
2.9 Zeta Potential 
Zeta potential is a simplified term for the electrokinetic potential of a colloidal system 
which is often denoted as ζ-potential (hence the name zeta potential).32 Through the 
development of a net charge at the surface of a colloidal particle, the distribution of ions in the 
immediately surrounding interfacial region is effected which will result in an increased 
concentration of counter ions within a close proximity. The layer of liquid surrounding this 
particle can therefore be described in two parts; the inner region (known as the Stern layer) 
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where the ions are strongly bound to the colloidal particle and the outer region where ions are 
less firmly adhered.
33
 
When a colloidal particle moves (e.g. due to gravity), ions within these regions will 
travel with the particle but ions outside these regions will not, this forms a boundary called 
the ‘slipping plane’ where the potential that exists at this boundary is termed the zeta 
potential.
33,34
 
Zeta potential measurements are primarily employed to demonstrate the tendency of a 
colloidal system to flocculate. If particles within the colloidal system have a large surface 
charge (positive or negative, as long as the bias is the same) then particles will repel each 
other (like repels like) and the colloid will be stable.  
In this thesis, zeta potential has been employed to empirically evaluate the surface 
charge of colloidal particles and therefore their potential affinity for attracting oppositely 
charged reactant species and to demonstrate the changes in surface charge of a colloidal 
system with increasing degrees of surface modification. 
Zeta potential measurements were obtained by using an Analogue Devices model 515 
JH electrometer. 
2.10 Brunauer, Emmett and Teller (BET) Analysis 
Brunauer, Emmett and Teller (BET) analysis, so named for the three scientists who 
first published this theory, seeks to explain the bonding by adsorbent gas molecules on the 
surface of solid materials. Through analysis of the degree of gas adsorption, measurements of 
the specific surface area of a material can be made.
35,36
 The theory employed is an extension 
of the Langmuir equation first described by Irving Langmuir in 1916,
37
 which relates the 
pressure or concentration of a gas medium above a surface to the degree of adsorption or 
surface coverage of a monolayer of the gas to the surface. BET theory expands on Langmuir’s 
theory by taking into account the formation of multiple layers of adsorbent. 
The total surface area of a material can be evaluated by the following equation: 
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Where S.Atotal is the total surface area, υm is the quantity of adsorbed gas in a 
monolayer, N is Avogadro’s number, s is the cross sectional area of the adsorbent species and 
V is the molar volume of the adsorbent gas. From this, the surface area per gram of material 
can be easily calculated, where m is the mass of the material: 
    
        
 
 
 B.E.T analysis was performed on an ASAP2010 surface area analyser and left to run 
overnight. 
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3. CHAPTER III 
 
 
 
 
 
Ionic Liquids as a  
Unique Reaction Medium for Galvanic 
Replacement Reactions 
 
 
 
 
 
Gold nanostructures exhibiting an interesting dendrite-like growth have been synthesised for 
the first time in the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4] 
using a galvanic replacement approach, wherein silver nanospheres were used as a precursor 
sacrificial template in the presence of a gold salt as an etchant. To understand the effect of 
unique physico-chemical properties of the ionic liquid on the outcome of galvanic 
replacement reaction, comparative experiments were simultaneously performed in aqueous 
solutions. This study highlights the significantly different replacement reaction kinetics in 
[BMIM][BF4] than that seen in aqueous solutions. It is envisaged that the use of ionic liquids 
as designer solvents during galvanic replacement reactions may in future lay the groundwork 
for better control over shape anisotropy of nanomaterials. 
 
Work presented in this chapter has been partly published in: 
A. Pearson, A. O’Mullane, V. Bansal, S. K. Bhargava, Chemical Communications, 2010, 
46(5), 731-733 
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3.1 Ionic Liquids 
Chemical reactivity in a solution medium is mainly determined by the ability of the 
reactants in the medium to interact with each other. Therefore the properties of a solvent are 
the parameters that govern these interactions.
1
 In the field of nanomaterial synthesis, ionic 
liquids (ILs) have recently become an attractive ‘green’ synthesis medium. Current organic 
solvents used by industry and researchers are often incredibly volatile organic compounds 
such as chlorinated hydrocarbons which have a detrimental impact on the environment 
making their use prohibitive.
2
 Ionic liquids have recently emerged as an attractive synthesis 
medium due to their interesting physical and chemical properties such as high viscosity, 
negligible vapour pressure and wide electrochemical window.
3,4
 In the field of organic 
chemistry, ionic liquids have been used as solvents for electropolymerisation of benzene
5
, 
Diels-Alder and Friedel-Crafts reactions
6,7
 and copper and zinc catalysis.
8
 
Generally, an ionic liquid is defined as a liquid electrolyte containing only ions. While 
technically any molten salt can be considered an ionic liquid (table salt raised to its melting 
point is an ionic liquid), these molten ionic liquids are very hazardous and impractical to work 
with
9
 and therefore the typical ionic liquids referred to in literature are identified as the subset 
Room Temperature Ionic Liquids (RTILs); ionic substances which are liquid at room 
temperature. In order to design ionic compounds to form ionic liquids, an understanding of 
what properties impact the melting point of a compound must be understood. Sodium chloride 
has such a high melting point (806 °C) because the sodium and chloride ions are held together 
by strong coulombic interactions which require a large amount of energy to break. The 
strength of this electrostatic binding force is determined largely by the degree of charge and 
the degree of separation of the ions.
10
 
When two ions possess equivalent charges, the degree of electrostatic interaction will 
decrease with increasing ion radius because of a decrease in the surface charge density and 
increasing physical separation of the ions.
11
 Therefore it is advantageous in the synthesis of 
RTIL’s to be able to delocalise the charge across a large molecule which leads to the charge 
on the cation or anion being spread over many locations in contrast to a charge at a single 
point. By further separating the charge of the cation and anion, the melting point of the RTIL 
in question can be lowered.
11
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As ionic liquids consist entirely of ions, there must be at least two components to the 
compound, the cation and the anion. What makes ionic liquids of particular interest is the 
ability for the properties of the ionic liquid to be changed or designed for a particular purpose 
by modifying one or all of the constituents. Properties such as the density, viscosity, molar 
conductivity and miscibility with water can be easily modified by changing the length of an 
alkyl chain for example. Ionic liquids are most often composed of poorly coordinated ions 
which also have the potential to impart high polarity on the solvent. At least one component 
of the ionic liquid must be an organic molecule to help prevent the formation of a stable 
crystal lattice. 
 
Figure.3.1: The structure of [BMIM][TF2N] ([C8H15N2][C2F6NO4S2]) 
The most important feature of the cation appears to be a low degree of symmetry and a 
poorly localised charge. While many classes of cation including imidazolium, pyridinium, 
pyrrolidinium, phosphonium and ammonium have been demonstrated to form stable RTIL’s 
with a range of anions such as metal halides, [BF4]
-
 and [PF6]
-
, there is not yet a universal 
‘liquefying’ anion, and as such the most important feature of the ionic liquid is the cation.10-12 
Generally, because of the vast array of organic cations that can be employed, ionic 
liquid synthesis routes vary based on the ionic liquid to be made. In particular, 
dialkylimidazolium salts are synthesised by alkylation (Friedel-Crafts reaction) of N-
methylimidazole, which is commercially available, with an appropriate alkyl halide to give 
the corresponding 1-alkyl-3-methylimidazolium halide. Different anions can then be 
introduced through a process of anion exchange.
2,13
 
The most commonly studied ionic liquids are those based on 1,3-dialkylimidazolium 
cations. This great attraction is attributed to the ease with which the two substituent groups 
can be modified which can in turn greatly alter the properties of the ionic liquid.
10,12
 The 
following table (Table 3.1) demonstrates the effect of modifying one of the alkyl chain 
lengths (one chain length remaining constant) on the melting point of the ionic liquid. 
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Figure.3.2: Alkylation of N-methylimidazole with chlorobutane to form 1-butyl-3-
methylimidazolium chloride. This is then treated with KBF4 to form 1-butyl-3-methyl-
imidazolium tetrafluoroborate through a process of anion exchange.
14
 
 
Imidazolium tetrafluoroborate salt Mp (°C) 
1-methyl-3-methylimidazolium tetrafluoroborate 103 
1-ethyl-3-methylimidazolium tetrafluoroborate 6 
1-butyl-3-methylimidazolium tetrafluoroborate -81 
1-hexyl-3-methylimidazolium tetrafluoroborate -82 
1-decyl-3-methylimidazolium tetrafluoroborate -4 
Table 3.1: The melting point of some 1-R-3-methylimidazolium tetrafluoroborate salts, where 
R corresponds to alkyl groups. 
 It can be seen that the cation which possesses the highest symmetry, the 1-methyl-3-
methylimidazolium cation, also possess the highest melting point, while as the length of the 
alkyl chain is increased the melting point is similarly observed to decrease before increasing 
again after reaching ten carbon atoms which may be attributed to interactions between the 
carbon chains.
10,11
 Therefore by increasing the degree of asymmetry, the lattice energy of the 
crystalline form of the salt can be lowered which in turn decreases the melting point.
15
 
 Similar to changes in the cation having profound effects on the properties of the ionic 
liquid, changes in the anion can also influence the chemical and physical properties.
10,12
 Table 
3.2 describes the changes in the melting point of the 1-butyl-3-methylimidazloium cation 
when complexed with a variety of different anions. While the effects a particular anion will 
have on the properties of an ionic liquid are very difficult to predict, in general, smaller 
compact anions will cause the ionic liquid to have a higher melting point than those larger, 
bulky anions.
10
 
  
 
47 
Anion Mp (°C) 
Cl- 65 
I- -72 
[BF4]
- -81 
[PF6]
- -61 
[TFSI]- -4 
Table 3.2: The melting point of several 1-butyl-3-methylimidazolium salts showing the effect 
of different anions. 
 The viscosity of an ionic liquid is most often 10-100 times greater than aqueous or 
organic solvents as a result of stronger electrostatic forces. While the viscosity of an ionic 
liquid is not always the same owing to changes in water content, impurities, starting materials 
and method of measurement, the imidazolium based ionic liquids discussed above tend to 
show decreasing viscosity through [PF6]
-
 > [BF4]
-
 > [TFSI]
-
.
11,12
 
  The vapour pressure of an ionic liquid is essentially zero under ambient conditions, 
however under certain conditions some specific ionic liquids formed via neutralisation of a 
protic acid with an organic base have been demonstrated to easily evaporate upon heating due 
to a disruption of the acid-base equilibrium generating the volatile acid and base.
11,16
 
 Like all materials, ionic liquids will decompose at elevated temperatures. Similar to 
other thermal properties (such as the melting point), the thermal decomposition temperature 
for an ionic liquid can be attributed to the structure of the ionic components and in 
comparison to aqueous or organic solvents, the temperature at which an ionic liquid remains 
stable can be much greater.
9,17
 While remarkable differences in the thermal decomposition 
temperature of an ionic liquid can be observed by altering the counter anion, only slight 
changes in the decomposition temperature are observed upon modification of the alkyl chain 
length of the cation.
17
 Ionic liquids with anions such as [PF6]
-
, [BF4]
-
 and [TFSI]
-
 have been 
demonstrated to have a thermal decomposition temperature up to 100 °C higher than those 
whose anion comprises halogens such as Cl
-
 and I
-
.
18
 
Of great importance in the field of metal nanoparticle synthesis is the propensity of 
ionic liquids to be able to stabilise transition metals in unstable oxidation states. For example 
the stabilisation of Au
(I)
 complexes in the ionic liquid 1-butyl-3-methylimidazolium 
tetrafluoroborate ([BMIM][BF4]).
19
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To summarise, ionic liquids possess several properties which make them ideal for the 
synthesis of metal nanoparticles:
2,10,11,20
 
 The majority of the ionic liquid properties such as melting point and viscosity can be 
tailored by modifying the cation and the anion. 
 The vapour pressure of an ionic liquid is negligible, it is essentially zero. This means 
the ionic liquid will not evaporate and is very easy to contain. 
 Ionic liquids possess good thermal stability and will not break down over large 
temperature ranges. This enables the researcher/industry to carry out processes at high 
temperatures that would otherwise be impossible for aqueous or organic solvents. 
 Generally ionic liquids will not directly react with metals however stabilization of 
metal complexes has been reported. 
 The products of a reaction are easy to remove from the ionic liquid. 
While many of the properties of ionic liquids are as yet undetermined, trends are 
beginning to appear that are allowing researchers to ultimately tailor design ionic liquids for 
specific processes. 
3.2 Galvanic Replacement Mediated Transformation of Ag 
Nanospheres into Dendritic Au-Ag Nanostructures in the Ionic Liquid 
[BMIM][BF4] 
3.2.1 Rationale 
Previously, galvanic replacement reactions have been confined to aqueous and organic 
solvents wherein no significant solvent interactions leading to changes in template 
morphology have been observed.
21
 However, it was envisioned that if conventional aqueous 
and organic solvents are replaced with non-conventional solvents with unique properties such 
as ionic liquids during galvanic replacement reactions, the reaction kinetics may change 
significantly either due to restricted movement of ions and/or stabilization of intermediate 
reaction species in such viscous solvents.
19
 Hence it was envisioned that this may lead to 
markedly different reaction products and the ability to control shape anisotropy of 
nanomaterials during galvanic replacement reactions. 
In this body of work, the potential of an ionic liquid, namely 1-butyl-3-
methylimidazolium tetrafluoroborate ([BMIM][BF4]), to act as an elegant solvent medium to 
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perform galvanic replacement reactions has been explored. This leads to shape transformation 
of spherical Ag nanoparticles into dendrite-like hierarchical flat Au-Ag nanostructures. The 
comparison of galvanic replacement reactions in two solvents (water and ionic liquid) in this 
study shows that the choice of an appropriate reaction medium can have significant impact on 
the galvanic replacement reactions, due to the significantly different reaction mechanisms in 
these two solvent systems. 
3.2.2 Experimental 
3.2.2.1 Materials 
Silver nitrate (AgNO3), sodium borohydride (NaBH4) and potassium tetrabromoaurate 
dihydrate (KAuBr4•2H2O) were purchased from Sigma-Aldrich; sodium oleate, formaldehyde 
and hydrazine was purchased from BDH; and 1-butyl-3-methylimidazolium tetrafluoroborate 
([BMIM][BF4]) was purchased from Ionic Liquid Technologies (IoLiTec). All chemicals 
were used as received. 
3.2.2.2 Synthesis of Silver Nanoparticles 
Silver nanoparticles were synthesized by reducing silver nitrate in an aqueous solution 
containing a mixture of sodium borohydride and sodium oleate by following a procedure 
previously reported by Efrima et al.
21,22
 Briefly, in 50 mL of 5 mM AgNO3, 50 mL of another 
solution containing 20 mM NaBH4 and 2.5 mM sodium oleate was added with rapid stirring 
in an ice bath. The solution immediately turned bright yellow indicating the formation of 
silver nanoparticles. The solution was heated to 70 °C with continuous stirring to decompose 
any excess NaBH4 and then allowed to cool at room temperature. The final concentration of 
silver nanoparticles in water was 5 mM and was used as such without any further 
modification. 
3.2.2.3 Galvanic Replacement Reaction 
5.87 mg of KAuBr4•2H2O was dissolved separately in 10 mL each of MilliQ 
deionized water and the ionic liquid [BMIM][BF4] using an ultrasonic bath, leading to 1 mM 
[AuBr4]- stock solutions in water and ionic liquid respectively. In a 5 mL final reaction 
volume, 0.5 mL aliquots of 5 mM Ag nanoparticles were mixed with differing volumes of 
[AuBr4]
-
 stock solutions, resulting in gold salt ([AuBr4]-) to silver nanoparticles (Ag
0
) molar 
ratios of 0 % (control), 0.1 % (1:1000), 1 % (1:100) and 10 % (1:10) respectively. The 
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galvanic replacement reactions between Ag nanoparticles and [AuBr4]
-
 ions, both in H2O and 
[BMIM][BF4], were allowed to continue at room temperature for 48 hours to nullify any time-
progression effects. Time-dependent kinetic analysis of the 1:10 sample in ionic liquid was 
also performed for 7 Days. The reaction products were centrifuged; pellets were washed three 
times with MilliQ deionised water, and redispersed in 0.5 mL of MilliQ water for further 
characterization and electrocatalysis and surface enhanced Raman scattering (SERS) 
experiments. In another control experiment which was undertaken to understand some of the 
mechanism aspects of galvanic replacement in ionic liquid, AgBr was synthesized by reacting 
AgNO3 with KBr for 1 hour, followed by centrifugation and precipitate washing with MilliQ 
water. The solubility of AgBr in ionic liquid was checked by UV-vis spectroscopy. 
3.2.2.4 Electrochemical Measurements 
Voltammetric experiments were conducted at (20 ± 2) °C with a CH Instruments (CHI 
760C) electrochemical analyser in a 3 electrode configuration. A 3 mm glassy carbon (GC) 
electrode (Bioanalytical Systems) was used as the working electrode and polished with an 
aqueous 0.3 μm alumina slurry on a polishing cloth (Microcloth, Buehler), sonicated in 
deionized water for 5 min, and dried with a flow of nitrogen gas prior to use. The reference 
electrode used was a Ag wire in [BMIM][BF4] and an Ag/AgCl (aqueous 3 M KCl) electrode 
in aqueous solution. The counter electrode in all cases was a Pt wire. The potential with 
respect to the Ag quasi-reference electrode (QRE) was checked regularly using the 
ferrocene/ferricinium redox couple as an internal standard where the formal potential was 
found to be 0.25 V. All electrochemical experiments were commenced after degassing the 
electrolyte solutions with nitrogen for at least 10 min prior to any measurement. 
3.2.2.5 Electrocatalysis and SERS Measurements 
Electrocatalytic measurements were performed by drop-casting 10 μL of each the 
dendritic Au-Ag nanostructures synthesised in IL and the hollow Au-Ag nanoshells 
synthesised in water onto a 3 mm glassy carbon (GC) electrode (Bioanalytical Systems) that 
had been polished with an aqueous 0.3 μm alumina slurry on a polishing cloth (Microcloth, 
Buehler), sonicated in deionized water for 5 min, and dried with a flow of nitrogen gas 
immediately prior to use. The GC electrodes were immersed in 10 mL of 1 M NaOH 
containing 50 mM hydrazine or 0.1 M formaldehyde and cyclic voltammograms were 
recorded. 
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SERS measurements were conducted on a Perkin Elmer Raman Station 200F by drop-
casting 10 μL of each material onto a polished gold substrate, allowing the solvent to 
evaporate before an additional 10 μL of 4,4-bipyridal was drop-cast onto the material and the 
solvent allowed to evaporate. Raman scattering spectra were collected using 100 % laser 
power and manual focus over the range of 4000-400 cm
-1
, however this data was then 
truncated to the range of 2000-400 cm
-1
 before presentation for clarity. 
3.2.3 Results and Discussion 
Figure 3.3 shows typical TEM images of oleate-capped Ag nanoparticles galvanically 
replaced with different ratios of [AuBr4]
-
 ions in water. The as-synthesized Ag nanoparticles 
were found to be fairly monodispersed with a quasi-spherical morphology and an average 
diameter of 15-20 nm (Figure 3.3A). The replacement reaction of Ag nanoparticles with an 
increasing amount of [AuBr4]
-
 ions (0.1, 1, and 10 molar % in Figure 3.3B-D respectively) 
leads to a dissolution of Ag nanoparticles in surrounding water and simultaneous reduction of 
Au onto pre-existing Ag nanoparticles. This eventually results in thick walled Au-Ag 
nanoshells (Figure 3.3D) via a pin-hole forming step (Figure 3B).
24-26
 The growth mechanism 
for galvanic replacement of Ag nanoparticles with Au(III) halide salts is well established, and 
is only briefly discussed here to avoid repetition.
24-26
 Note that deposition of Au onto 
dissolving Ag nanoparticles also results in a characteristic slight increase in the size of the 
final structures with respect to the original Ag template, which corroborates well with the 
previous studies in aqueous and organic solvents, where a similar size increase was 
observed.
24,27-33
 This size increase will be referred to again while discussing the replacement 
reaction mechanism in [BMIM][BF4].  
In order to perform the galvanic replacement reactions in the ionic liquid, the water-
dispersed Ag nanoparticles were centrifuged, and then dispersed in [BMIM][BF4]. When 
dispersed in ionic liquid, Ag nanoparticles did not undergo any significant size or morphology 
change, as is evident from TEM image (Figure 3.4A). Notably, Ag nanoparticles, when 
checked for their stability two months after being dispersed in ionic liquid, were found to 
maintain their original shape and size by TEM. 
  
 
52 
  
Figure 3.3: TEM images of oleate-capped Ag nanoparticles in water before (A), and after 
galvanic replacement with (B) 0.1 %, (C) 1 %, and (D) 10 molar % of [AuBr4]
- 
ions. Scale 
bars correspond to 20 nm. 
However, on galvanic replacement with increasing concentrations of [AuBr4]
-
 ions in 
ionic liquid (0.1, 1, and 10 molar % in Figure 3.4B, Figure 3.4C-D, and Figure 3.4E-F 
respectively), Ag nanoparticles underwent a very unusual morphological transformation that 
has not been observed when these reactions are performed in conventional aqueous (Figure 
3.3) and organic solvents.
21,24,26-34
 Interestingly, on exposure to a very low gold salt 
concentration (0.1 %, Figure 3.4B) in ionic liquid, the original spherical Ag nanoparticles are 
found to reduce in size from 20 nm to ca. 10 nm, which is in stark contrast to our observations 
in water, wherein an increase in particle size was observed (Figure 3.3).  
 
Figure 3.4: TEM images of oleate-capped Ag nanoparticles in ionic liquid [BMIM][BF4] 
before (A), and after galvanic replacement with (B) 0.1 M%, (C and D) 1 M%, and (E and F) 
10 M % of [AuBr4]
-
 ions for 48 h. 
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It appears as if the original Ag template is being etched away on exposure to gold salt, 
without any deposition of Au onto the original Ag nanoparticle template. Additionally, these 
small particles seem to organize in the form of oblate and prolate nanospheroids, and are 
surrounded by small nanospheres (Figure 3.4B). When the gold salt concentration is increased 
by an order of magnitude (1 %, Figure 3.4C-D), unusual branched structures surrounded by 
similar small nanospheres are observed, which appear to be the backbone of some dendritic 
structures. A further increase in gold salt concentration by another order of magnitude (10 %, 
Figure 3.4E-F) results in complete consumption of small nanospheres (compare Figure 3.4B, 
C and D with E), leading to a dendrite-like hierarchical growth, which in higher 
magnification, appears to consist of 20-30 nm sized flat sheets (Figure 3.4F).  
The corresponding lower magnification image with multiple dendrite-like structures is 
also shown (Figure 3.5), which shows complete absence of any small particles. The presence 
of small particles at lower gold salt concentration, but their complete absence at higher gold 
salt concentrations suggests that the nanostructures reported here are not due to a particle 
aggregation effect that is sometimes encountered during TEM sample preparations, but that 
these structures are in fact formed in the ionic liquid during the replacement reaction.  
 
Figure 3.5: (A) Lower magnification TEM image showing the uniformity of Au-Ag 
nanostructures formed after galvanic replacement of spherical Ag nanoparticles with 10 
molar % of [AuBr4]
-
 ions in the ionic liquid [BMIM][BF4].(B) Additional images of 
nanostructures formed after galvanic replacement with 0.1 M% [AuBr4]
-
 ions. 
Whether there is any aggregation effect during TEM sample preparation was further 
investigated by slow drying of samples under atmospheric conditions, as well as their 
instantaneous drying under vacuum. Similar structures were obtained in both cases, thus 
nullifying the possibility of aggregation effects during sample preparation. It is also 
noteworthy that such shape transformation of small spherical Ag nanoparticles into large flat 
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dendritic structures has not been observed previously during replacement reactions in aqueous 
and organic solvents. This indicates that solvents like ionic liquids might play a significant 
role in the synthesis of anisotropic structures by restricting the mobility/diffusion of 
nanoparticles and ionic species due to their very high viscosity, thereby directing their 
assembly/organization during synthesis.  
Since these large structures in ionic liquid appear to consist of flat units, rather than 
nanowire-like branched growth that is seen in regularly reported dendritic structures, an XRD 
analysis of these structures was performed to understand their preferential orientation. Figure 
3.6 shows the XRD patterns of the nanomaterials synthesized in water (A) and [BMIM][BF4] 
(B) respectively.  
 
Figure 3.6: XRD patterns of reaction products obtained through galvanic replacement 
reaction between Ag nanoparticles and increasing concentration of [AuBr4]
-
 ions in (A) H2O, 
and (B) [BMIM][BF4]. The XRD patterns match with the fcc structure of Au and Ag, both of 
which have very similar lattice parameters. 
The comparison of XRD patterns of reaction products in water and [BMIM][BF4] 
shows that when an increasing concentration of [AuBr4]
-
 is reacted with Ag nanoparticles in 
water, there is no significant change in the XRD patterns (A). However, the XRD analysis of 
reaction products in the ionic liquid shows a stark difference between the starting spherical 
Ag nanoparticle template and the flat dendritic structures obtained after their replacement 
with high gold concentration (1:10) sample (B). The XRD analysis clearly shows that these 
dendritic structures are preferentially oriented along the [111] crystallographic plane, thus 
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reaffirming the flat sheet morphology of individual particles in the ensemble, as was observed 
under TEM (Figure 3.4E-F). Such a marked difference in the crystal plane intensities of 
nanomaterials in ionic liquid (and absence of such features in water) suggests that galvanic 
replacement reaction in ionic liquid may cause preferential growth on certain crystal planes, 
leading to formation of anisotropic structures. Moreover, the preferential [111] orientation of 
nanostructures observed in XRD analysis further reaffirms that the structures observed in 
TEM are formed during reaction in ionic liquid, since involvement of a particle aggregation 
effect during TEM sample preparation will not lead to a change in particle crystallography, as 
was observed here.  
It should be noted that Au and Ag have very similar lattice parameters (both face 
centred cubic), therefore they show diffraction peaks at similar positions in XRD, and 
transformation of Ag into Ag-Au composite cannot be easily determined using XRD. 
3.2.3.1 Chemical analysis of nanostructures obtained after replacement reactions in 
water and Ionic Liquid. 
Elemental analysis (EDX) of nanostructures obtained after replacement reactions of 
Ag nanoparticles in water and ionic liquid with 10 % gold salt concentration indicates the 
presence of both gold and silver signatures in both the samples (Figure 3.7).  
 However, interestingly, during repeated EDX measurements, the Au content 
(with respect to Ag) in the nanostructures obtained in the ionic liquid, even after seven days of 
reaction, was found to be consistently lower (10.60 ± 0.24 molar %) than those obtained in 
water (12.47 ± 0.16 molar %). 
The observed Au content from nanostructures in water (ca. 12.5 molar %) is expected 
due to the 3:1 stoichiometry between reacting Ag nanoparticles and 10 molar % [AuBr4]
-
 ions, 
that will lead to oxidation of 30 % of Ag atoms as per the following replacement reaction: 
3Ag
0
 + [AuBr4]
-
 → Au0 + 3AgBr↓ + Br-  (1) 
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Figure 3.7: EDX spectra of reaction products obtained through galvanic replacement 
reaction between Ag nanoparticles and 10 molar % [AuBr4]
-
 ions in water and IL. The Al, Cu 
and Fe signature peaks arise from the EDX sample holder. The inset shows the amplified 
spectral region between 11.0 and 12.5 eV. 
The significantly lower than expected Au content observed in the nanostructures 
obtained after galvanic replacement in ionic liquid suggests that a reaction mechanism 
difference from eq. 1 might be involved during galvanic replacement in ionic liquids. 
Additionally, the amplified regions of the EDX spectra (inset Figure 3.7) indicate the presence 
of very weak Br signatures in the nanostructures obtained in both water and ionic liquid. 
However, nanostructures in the ionic liquid show the presence of significantly weaker Br 
signatures in comparison with that in water (compared with Au signal at ca. 11.5 KeV in 
inset). The Br signature in water can be attributed to the formation of a small amount of AgBr 
(from eq. 1) that has very low solubility in water and might therefore precipitate onto the Ag 
surface during the replacement reaction. However, the TEM images suggest that this small 
amount of AgBr does not have a significant effect in inhibiting the replacement reaction in 
water (Figure 3.3). Moreover, since AgBr passivation of the Ag surface will compete 
simultaneously with the reduction of Au onto Ag nanoparticles (eq. 1), the inability of AgBr 
to form a complete passivating layer over silver nanoparticles will allow the replacement 
reaction to proceed in water via a pinhole forming mechanism, as was previously proposed.
24
 
The negligible Br signal from the nanostructures formed in ionic liquid indicates the 
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possibility that AgBr might be soluble in [BMIM][BF4] and is therefore not adhered to the 
nanostructures. This was confirmed by dissolving AgBr in the ionic liquid, which was found 
to be soluble after being transferred into [BMIM][BF4] demonstrated in figure 3.8 below. 
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Figure 3.8: UV-vis absorption spectrum of AgBr after being dissolved in the ionic liquid 
[BMIM][BF4] showing absorption maxima at 330 nm due to [BMIM]
+
[AgBr2]
-
 soluble 
complex. 
 It has been previously proposed
35
 that Br
-
 and Ag
+
 ions can undergo a series of 
reactions in the imidazolium [BMIM]-based ionic liquids to form a soluble complex 
[BMIM]
+
[AgBr2]
-
 via: 
 Ag
+
 + Br
-
 → AgBr↓      (2) 
AgBr + Br
-
 → [AgBr2]
-
     (3) 
[AgBr2]
-
 + [BMIM]
+
 → [BMIM]+[AgBr2]
-
   (4) 
 
 The dissolution of AgBr in [BMIM][BF4] via formation of a soluble [BMIM]
+
[AgBr2]
-
 
complex also explains the reduction in the Ag template size from ca. 15-20 nm (Figure 3.4A) 
to ca. 10 nm (Figure 3.4B-D) observed in the TEM studies during replacement reaction in 
ionic liquid, formation of such a [BMIM]
+
[AgBr2]
-
 soluble complex was confirmed by 
dissolving AgBr in [BMIM][BF4] as demonstrated in Figure 3.8. It is highly possible that 
during reaction of [AuBr4]
-
 with Ag nanoparticles, AgBr is initially formed onto the surface of 
Ag nanoparticles, but it slowly dissolves via complex formation with surrounding [BMIM]
+
 
and Br
-
, thereby resulting in etching of the Ag template. If the above argument is correct, the 
galvanic replacement reaction occurring in water (eq. 1) might not be fully applicable to the 
[BMIM][BF4] case, or else we should have also observed simultaneous Au deposition onto 
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Ag nanoparticles leading to a particle size increase, which does not seem to be the case here. 
The involvement of a different galvanic replacement mechanism in ionic liquid is summarized 
in Scheme 3.1, and will be explained later in this chapter. 
3.2.3.2 SPR Tuning during Galvanic Replacement 
Important information regarding the difference in the galvanic replacement process in 
water and ionic liquid can be obtained by following the changes in the surface plasmon 
resonance (SPR) of nanostructures in the respective solvents, which directly depends on their 
size, shape, composition, and chemical environment.
36,37
 Figure 3.9 shows the UV-vis 
spectroscopy measurements of Ag nanoparticles galvanically replaced with [AuBr4]
-
 ions in 
H2O (Panel A) and in [BMIM][BF4] for 48 h (Panel B).  
 
Figure 3.9: UV-vis absorbance studies showing the galvanic replacement of Ag nanoparticles 
with [AuBr4]
-
 ions in (A) water, and (B) [BMIM][BF4] after 48 h. Curves 1 and 5 correspond 
to Ag nanoparticles in water and IL respectively before the replacement reaction. The 
reaction of Ag nanoparticles with increasing [AuBr4]
-
 content is shown in curves 2 and 6 
(1:1000), curves 3 and 7 (1:100), and curves 4 and 8 (1:10), which represent 0.1 %, 1 %, and 
10 % of [AuBr4]
-
 ions with respect to Ag nanoparticles. 
In the aqueous system (Figure 3.9A), Ag nanoparticles show a narrow SPR peak at ca. 
425 nm, which is attributable to 15-20 nm spherical Ag nanoparticles (curve 1). Upon 
reaction with 0.1 % [AuBr4]
-
 ions, the SPR reduces in intensity, along with a red-shift to ca. 
436 nm (curve 2). These two changes in Ag SPR can be respectively attributed to the 
dissolution (oxidation) of pre-existing Ag nanoparticles into Ag
+
 ions, and simultaneous 
formation of a Au-Ag alloy on their surface (similar sized Au nanoparticles absorb at 520 nm) 
(eq. 1).
36,37
 When an increased amount of [AuBr4]
-
 ions (1 %) is reacted with Ag 
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nanoparticles, Au-Ag alloying is clearly evident from a further red-shift to ca. 500 nm, along 
with reappearance of a dampened Ag SPR signature at ca. 425 nm, which is due to 
consumption of more Ag nanoparticles by additional [AuBr4]
-
 ions (curve 3). A further 
concentration increase of [AuBr4]
-
 to 10 % results in an SPR peak at significantly longer 
wavelengths (570 nm) than that normally observed at 520 nm for similar-sized spherical gold 
nanoparticles (curve 4).
36,37
 Previous studies have assigned such strong redshifts to the 
formation of Au nanoshells, as is observed in TEM (Figure 3.3D).
24,36,38
 Moreover, the Ag 
SPR at 425 nm appears non-existent, which indicates further dissolution of the template Ag 
nanoparticles. 
When the replacement reaction of colloidal Ag with [AuBr4]
-
 ions is undertaken in 
[BMIM][BF4], the UV-vis spectroscopy results differ markedly from those obtained in 
aqueous solution (Figure 3.9B). Upon transfer of Ag nanoparticles from water to ionic liquid, 
the Ag SPR is broadened and red-shifted (curve 5 – 470 nm) with respect to the same material 
in water (curve 1 – 425 nm). Since no aggregation of Ag nanoparticles is observed in 
[BMIM][BF4] by TEM even after two months of storage, the change in Ag SPR can be 
assigned mainly to the medium dielectric effect.
37
 Upon the addition of 0.1 % [AuBr4]
-
, the 
Ag SPR shifts slightly blue to ca. 465 nm (curve 6), which is in stark contrast to the case in 
water, where a red-shift is observed (curve 2). An increase in [AuBr4]
-
 concentration to 1 % 
causes the Ag SPR peak to dampen and blue-shift significantly more to ca. 437 nm (curve 7), 
which further dampens and shifts blue to ca. 390 nm when the [AuBr4]
-
 content is increased to 
10 % (curve 8). The dampening in Ag SPR is due to continuous oxidation of Ag 
nanoparticles. The blue shifts are quite interesting and corroborate well with a recent galvanic 
replacement study in water employing AuCl2
-
 (Au
I
) instead of AuCl4
-
 (Au
III
).
24,38
 
Also noteworthy is the appearance of two shoulders at ca. 590 nm and 705 nm, these 
two spectral features seem to be arising from anisotropic nanostructures observed in our TEM 
studies (Figure 3.4C-F), and are most possibly due to the short and long-axis SPRs generally 
observed in anisotropic nanostructures.
36
 However the possibility of these spectral features 
being due to the assembly of individual smaller particles in the overall dendritic ensemble 
cannot be completely nullified. Furthermore, the appearance of these two SPR signatures 
supports the formation of large anisotropic structures in ionic liquid during galvanic 
replacement, and not aggregation while drying for TEM sample preparation (Figure 3.4C-F). 
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It is also notable that when the galvanic replacement reactions were performed in 
water, an immediate colour change of Ag colloid from yellow to reddish-brown was observed, 
which remained unchanged even after one week. This observation is similar to previous 
reports wherein replacement reactions in aqueous and organic solvents were found to be 
completed almost instantaneously.
24,27-33
 However, during galvanic replacement in the viscous 
ionic liquid, gradual change in the intensity of the yellow reaction mixture (Ag nanoparticle + 
[AuBr4]
-
) was observed over a period of 7 days. This indicated that the overall replacement 
reactions in ionic liquids might be considerably slowed down due to low diffusibility of ionic 
species ([AuBr4]
-
 and Ag
+
) in the highly viscous ionic liquid. To fully understand this 
difference, a time-dependent kinetic study of galvanic replacement in ionic liquid was 
performed for 7 days with the highest gold concentration (10 molar %) used in this study 
(Figure 3.10).  
Immediately after mixing Ag nanoparticles with KAuBr4 in ionic liquid (within 5 
min), the absorbance at ca. 400 nm due to [AuBr4]
-
 is absent, suggesting an instantaneous 
utilization of [AuBr4]
-
 in the presence of Ag (Figure 3.10A). The time-dependent kinetics in 
Figure 3.10B look complicated suggesting the simultaneous occurrence of multiple events 
during the replacement reaction in ionic liquid. Most of the spectral changes seem to occur 
during the first 2 h of reaction during which a broad absorbance at ca. 300-350 nm becomes 
apparent, after which it gradually reduces in intensity with the development of new spectral 
features between ca. 375-550 nm, with a continuous red shift over 7 days. As the reaction 
continues, these red shifts are accompanied by the continuous development of a sharp 
absorbance peak at ca. 330 nm.  
The spectral features are more clearly depicted in the inset shown in Figure 3.10B 
(blue curve) after 7 days of reaction, which shows a sharp absorbance peak at ca. 330 nm and 
two broad peaks with absorbance maxima at ca. 390 and 680 nm. The reaction mixture was 
centrifuged after 7 days to separate nanostructures from ionic species dissolved in ionic liquid 
(inset, Figure 3.10B). It is evident that the peak at ca. 330 nm is present only in the 
supernatant (magenta curve), and can be attributed to the formation of a [BMIM]
+
[AgBr2]
-
 
soluble complex via interaction of [BMIM][BF4] with AgBr, as was previously explained via 
eq. 2-4 (Figure 3.8). 
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Figure 3.10: UV-vis absorbance studies showing the spectra arising in the IL from (A) 
KAuBr4, Ag nanoparticles, and a 1:10 molar mixture of KAuBr4 and Ag nanoparticles 
immediately after mixing. Panel (B) shows the time-dependent reaction kinetics between 1:10 
molar mixture of KAuBr4 and Ag nanoparticles in the [BMIM][BF4] during a period of 7 
days. The measurements were made every 15
th
 min up to 2 hours, followed by a measurement 
every hour up to 8 hours, which was further followed by recording spectra every 8
th
 hour up 
to 7 days. The inset in panel (B) shows the magnified spectrum of the galvanically replaced 
product obtained after 7 days of reaction in [BMIM][BF4], and the spectra arising from the 
nanoparticles (pellet) and the metal ion species in the solution (supernatant). The bold red 
curve is the reaction starting point (B) and corresponds to the red curve in (A). The bold blue 
curve in (B) corresponds to the spectrum obtained after 7 days of reaction, which has been 
further amplified in the inset in (B) 
The broad peak observed at 390 nm is similar to that observed after 2 days of reaction 
(curve 8, Figure 3.9B), while the other two shoulders observed at 590 nm and 705 nm after 2 
days of reaction (curve 8, Figure 3.9B) seems to merge after 7 days to a broad shoulder SPR 
at 680 nm (magenta curve, inset, Figure 3.10). The time dependent UV-vis study therefore 
indicates rapid consumption of [AuBr4]
-
 in ionic liquid followed by a slow reaction, which is 
accompanied by slow dissolution of AgBr by its reaction with [BMIM][BF4]. 
The TEM, XRD, EDX and UV-vis spectroscopy analysis show a stark difference 
between the Au nanostructures synthesized in water and ionic liquid. The significant 
transformation of 20 nm spherical Ag nanoparticles into 1.5 μm long [111]-rich dendritic 
structures, coupled with chemical and SPR analysis suggests that the reaction in ionic liquid is 
not as simple as that in water, as was described by eq. 1. 
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3.2.4 Galvanic Replacement Reaction Mechanism 
Recently, significant efforts have been made to understand the galvanic replacement 
mechanism of the reaction between Ag nanoparticles template and gold
(III)
 halide salts, both in 
the aqueous and organic solvents. However, there have been no deliberate efforts to study the 
solvent influence on replacement reactions. Moreover, defining a set of guiding principles for 
a galvanic replacement mechanism in different solvents has been complicated due to the 
difference in Ag nanoparticles templates utilized in previous studies, which were synthesized 
by different routes that lead to different nanoparticle size and capping agents.
24,27-33,38
 
Therefore, it is imperative to study the influence of solvent on galvanic replacement while 
using Ag nanoparticles synthesized by a single route to eliminate any size or capping agent 
influence as outlined below. In our current work, we have for the first time, employed oleate-
capped Ag nanoparticles for galvanic replacement in the ionic liquid [BMIM][BF4], a solvent 
that is remarkably different from the previously employed aqueous and organic solvents in 
terms of its physico-chemical properties, especially increased viscosity. We have also 
performed comparable reactions in water, and compared our findings in these two solvents 
with previous reports. 
3.2.4.1 Effect of capping agent and solvent on galvanic replacement 
Ag nanoparticles capped with different organic surfactants including long-chain 
amines (e.g. oleylamine, octadecylamine, docylamine), long-chain carboxylic acids and their 
salts (e.g. oleic acid, sodium oleate), and tri-n-octylphosphine oxide (TOPO) have been used 
for replacement reactions with Au
(III)
 halide salts.
24,27-33
 Due to different binding behaviour of 
these capping agents to the Ag nanoparticle templates, they can play an important role during 
galvanic replacement by controlling the accessibility of reacting Au
(III)
 ions to Ag 
nanoparticles. Xia et al recently reported that replacement reactions in chloroform can be 
significantly restricted while employing Ag nanoparticles capped with strong capping agents 
such as oleylamine, oleic acid and tri-n-octylphosphine oxide.
33
 However, in our current 
study, when we employed Ag nanoparticles capped with a similar capping agent (sodium 
oleate), but in water instead of chloroform, we did not observe any significant inhibition of 
the galvanic replacement reaction (Figure 3.3).  
The contrasting difference observed between our current study in water and Xia’s 
work in chloroform,
33
 both of which employed similar sized Ag nanoparticles (ca. 10-20 nm), 
capped with almost similar capping agents (sodium oleate / oleic acid), can be attributed to 
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the difference in solvents (water vs. chloroform) employed in these studies. Efrima et al 
previously established that the binding of oleate (C8H17-CH=CH-C7H14-COO
-
) to Ag 
nanoparticles is significantly influenced by the solvent.
22,23
 For instance in chloroform, oleate 
binds strongly to Ag nanoparticles through the carboxylic (-COO
-
) groups thereby rendering 
its hydrophobic tail outward, while in water oleate is adsorbed onto Ag surface through 
double bonds (-CH=CH-) resulting in outward facing hydrophilic carboxylic groups.
22,23
 
During replacement reaction in chloroform, the outward-oriented hydrophobic tail in oleate-
capped Ag nanoparticles might interfere with its accessibility to the reacting [AuBr4]
-
, thereby 
resulting in limited replacement reaction in chloroform, as was observed by Xia et al.
33
 
Conversely, in water, the outward-oriented hydrophilic carboxylic groups on Ag nanoparticles 
do not significantly interfere with the accessibility of reacting [AuBr4]
-
 species to Ag, thereby 
facilitating the replacement reaction in water, as observed in our study (Figure 3.3).  
Similarly, in separate reports by Sastry et al.
30
 and Lee et al.,
31
 wherein similar sized 
(ca. 10-20 nm) Ag particles coated with similar capping agents (octadecylamine vs. 
dodecylamine) were employed in two different solvents (chloroform vs. toluene), reaction 
products apparently similar in morphology but different in composition were obtained. In 
chloroform, Sastry observed the formation of hollow Au-Ag alloy particles with insignificant 
residual Ag; whereas in toluene, Lee observed the formation of thick-walled Ag-Au core-shell 
structures with 40% residual Ag. These replacement reports including this current work in 
water, which employ different solvents (water, chloroform or toluene) while utilizing different 
capping agents (long chain acids or amines) clearly suggest that the choice of solvent can play 
some role in the replacement reaction mechanism, by way of controlling the organization of 
capping agents bound to the Ag nanoparticle template. However, the solvent effect can be 
particularly dramatic, if solvents like ionic liquids, which have significantly different physico-
chemical properties from water and organic solvents, are employed during replacement 
reactions. 
3.2.4.2 Replacement reaction kinetics in [BMIM][BF4] 
As is evident from this study, galvanic replacement with the same Ag nanoparticles 
results in commonly-observed hollow nanoshells in water (Figure 3.3), but results in flat 
dendritic structures in the ionic liquid (Figure 3.4). Such a remarkable difference observed in 
these two systems suggests the involvement of significantly different replacement 
mechanisms in [BMIM][BF4] in comparison with conventional aqueous and organic solvents. 
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Ionic liquids have interesting physico-chemical properties that can play an important role 
during replacement reactions by way of controlling the diffusion of reactants through its 
increased viscosity, and/or stabilization of intermediate ionic species in ionic liquids. 
Previous studies in aqueous solutions have shown that the speciation of gold halide 
salts can change considerably as a function of pH
39
 and therefore linear sweep voltammetry 
(LSV) was employed to probe any difference in the electrochemical reduction of [AuBr4]
-
 to 
Au
0
 in water and in [BMIM][BF4].  
 
Figure 3.11: Linear sweep voltammograms recorded at a GC electrode at 10 mV s
-1
 for the 
electroreduction of 10 mM KAuBr4 in (A) H2O and (B) [BMIM][BF4]. Inset shows LSVs for a 
Ag electrode in (A) 10 mM KNO3 and (B) [BMIM][BF4]. 
Illustrated in Figure 3.11A is the LSV for the electroreduction of 10 mM [AuBr4]
-
 in 
water at a glassy carbon (GC) electrode. A clear reduction peak at 0.32 V vs. Ag/AgCl can be 
seen followed by a diffusion limited current response until the end of the sweep at -0.60 V. 
This behaviour is typical of a 3 electron reduction process, as reported previously for gold 
halide salts in aqueous solution,
40
 and can be described by eq. 5 below that is similar to eq. 1 
shown previously: 
[AuBr4]
-
 + 3e
-
 → 3Au0 + 4Br-    (5) 
In contrast, the electroreduction of 10 mM [AuBr4]
-
 in [BMIM][BF4] shows 
significantly different behaviour, wherein two reduction processes are observed at 0.25 and  
-0.65 V vs. a quasi-reference Ag wire electrode (Figure 3.11B). The magnitude of the first 
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peak is around twice that of the second peak and can be attributed to a two electron process 
followed by a one electron process, which is also consistent with that observed during the 
reduction of HAuCl4 in [BMIM][BF4].
41
 This two-step reduction process in [BMIM][BF4] can 
be described by eqs. 6 and 7: 
[AuBr4]
-
 + 2e
-
 → [AuBr2]
-
 + 2Br
-
    (6) 
[AuBr2]
-
 + e
-
 → Au0(s) + 2Br
-
    (7) 
If Ag particles are considered as an electron source for reduction, this two-step 
reduction process can be described by eqs. 8 and 9: 
[AuBr4]
-
 + 2Ag → [AuBr2]
-
 + 2Ag
+
 + 2Br
-
   (8) 
[AuBr2]
-
 + Ag → Au0(s) + Ag
+
 + 2Br
-
   (9) 
To obtain further insights about the Ag oxidation process, LSV for the oxidation of 
silver was carried out in aqueous medium and [BMIM][BF4] in the absence of [AuBr4]
-
, as 
shown in the insets in Figure 3.11A and B respectively. For the aqueous solution, 10 mM 
KNO3 was added as supporting electrolyte to closely correlate with the ionic strength of the 
solution under which the gold deposition process was carried out (10 mM KAuBr4). It can be 
seen from Figure 3.11A that the onset for Ag oxidation occurs at ca. 0.18 V and reaches a 
maximum at ca. 0.22 V, which is prior to the commencement of gold electroreduction from 
KAuBr4 at ca. 0.56 V which reaches a maximum at ca. 0.32 V. The sharp peak observed for 
Ag oxidation in the aqueous medium is due to formation of oxide on the silver surface (inset, 
Figure 3.11A). This difference in potential (>0.18 V required for Ag oxidation and <0.56 V 
required for Au reduction) is the driving force for the galvanic replacement of silver with 
[AuBr4]
-
 in the aqueous solution and results in 3 Ag atoms being consumed for every [AuBr4]
-
 
ion being reduced (eq. 1).  
In the case of Ag oxidation in [BMIM][BF4], the LSV was carried out in neat 
[BMIM][BF4], as supporting electrolyte is not required due to the high ionic conductivity of 
this ionic liquid.
41
 In [BMIM][BF4], Ag oxidation occurs prior to the onset of the 
electroreduction of KAuBr4 which is similar to the aqueous medium (Figure 3.11B). 
However, in [BMIM][BF4], electroreduction of KAuBr4 commences at ca. 0.49 V and only 
reaches a maximum at ca. 0.26 V. In the latter case, the onset potential required for Ag 
oxidation is at ca. 0.20 V, which does not reach a maximum over the potential range of 
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interest due to continuous dissolution of Ag without oxide formation (inset, Figure 3.11B). 
Therefore, the data suggests that Ag has only sufficient reducing power to drive eq. 8, leading 
to reduction of [AuBr4]
-
 to [AuBr2]
-
, but it cannot drive its further reduction towards Au
0
 via 
eq. 9, which commences at a much lower potential of ca. -0.50 V in [BMIM][BF4], and would 
have otherwise lead to formation of metallic gold (Au
0
). Therefore the LSV data suggests that 
when Ag is oxidized in the ionic liquid, 2 Ag atoms are consumed for every [AuBr4]
-
 ion that 
is reduced to [AuBr2]
-
 (Scheme 1). The generation of [AuBr2]
-
 in [BMIM][BF4] is however 
prone to disproportionation via: 
3[AuBr2]
-
 → [AuBr4]
-
 + 2Au
0
(s) + 2Br
-
   (10) 
As was previously reported, this disproportionation reaction (eq. 10) is a slow 
reaction,
42
 which will be highly dependent upon the relative overpotential available for the 
nucleation of resulting Au
0
.
43
 The two possibilities for Au
0
 atoms obtained via a 
disproportionation reaction include either (1) the formation of a Au-Au metal bond, leading to 
new nucleation centres in solution for nanoparticle growth
42
 or (2) utilization of existing Ag 
nanoparticles as seeds to form a network structure of Au atoms through deposition of Au
0
 via 
disproportionation reaction.
43
 Considering the slow nature of eq. 10, the pre-existing Ag 
nanoparticles will most likely provide a more facile surface for nucleation of Au
0
 via a 
disproportionation reaction. Moreover, the involvement of a relatively large energy barrier to 
form Au-Au metal bonds via complexation of [AuBr2]
-
 will be less favourable for creation of 
new Au nucleation centres, which will further favour disproportionation at the Ag surface. 
Notably, the instantaneous nature of the first reaction (eq. 8), and the slow nature of the 
second reaction (eq. 10) is also supported by the time-dependent UV-vis absorption studies of 
galvanic replacement reaction in ionic liquid between Ag nanoparticles and [AuBr4]
-
, which 
show an initial fast reaction followed by a slower reaction (Figure 3.10B). 
3.2.5 Summary of the replacement reaction mechanism in [BMIM][BF4] 
The galvanic replacement mechanism in ionic liquid is quite complicated due to 
simultaneous co-occurrence of multiple reactions in a complex equilibrium environment. It is 
extremely difficult to precisely pinpoint the cause and effect of the individual reactions 
operating in parallel. However, based on experimental evidence discussed in this chapter so 
far, key steps involved in the reaction mechanism can be proposed, which are summarized in 
Scheme 1.  
  
 
67 
 
Scheme 3.1: Reaction scheme explaining the synthesis of hierarchical dendritic structures in 
the IL [BMIM][BF4]. 
Briefly, based on reaction kinetics and the data shown in our study, we propose that 
during the course of Ag oxidation by [AuBr4]
-
 in the ionic liquid, [AuBr2]
-
 is initially formed 
rapidly in close proximity of pre-existing Ag nanoparticles without any Au
0
 deposition in this 
step via eq. 8. The formation of [AuBr2]
-
 by Ag oxidation drives two major competing 
reactions on the Ag nanoparticles surface – (1) the formation of a passivating insoluble AgBr 
layer around Ag nanoparticles via eqs. 8 and 2, which is a fast reaction that will preferentially 
occur at defect sites present in Ag nanoparticles and (2) the slow disproportionation of 
[AuBr2]
-
 leading to nucleation of Au
0
 onto pre-existing Ag nanoparticles via eq. 10.  
During the initial phase of the reaction, AgBr formation is expected to be more 
favourable among the above two reactions because of the instantaneous nature of this 
reaction, and the extremely slow nature of the disproportionation reaction.
42
 However AgBr 
formed on the surface of Ag nanoparticles will also be simultaneously dissolved by forming a 
soluble complex with [BMIM]
+
 and Br
-
 via eqs. 3 and 4; thereby continuously reducing the 
size of original Ag template. Additionally, new [AuBr4]
-
 species will be slowly and 
continuously regenerated through disproportionation reaction, that will again undergo the 
whole series of aforementioned reaction steps.  
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It is through this complex interplay between these parallel reactions (viz. [AuBr2]
-
 
disproportionation, AgBr formation, AgBr dissolution via complex formation, and [AuBr4]
-
 
regeneration via [AuBr2]
-
 disproportionation), that the slowly generated Au
0
 atoms nucleate 
onto pre-existing Ag nanoparticles. These arguments highlight the existence of a complex 
equilibrium environment during galvanic replacement reaction in the ionic liquid 
[BMIM][BF4], wherein it becomes extremely difficult for reaction species to attain the state 
of equilibrium. Moreover, the rates of these reactions in [BMIM][BF4] will be further 
influenced due to the slow diffusion of reactant species ([AuBr4]
-
, [AuBr2]
-
, Au
0
 and Ag
+
) in 
its increased viscosity.  
The significantly lower diffusion coefficient of redox active species in ionic liquid due 
to its increased viscosity is evident from the magnitude of the reduction current in 
[BMIM][BF4], which is about one order of magnitude less than that recorded in the aqueous 
solution (Figure 3.11). It was elaborated in a recent review that the formation mechanism of 
elaborate micro- and nanoscale structures including dendrites in solution systems via self-
organization is still a mystery and ongoing challenge.
44
 However, based on commonalities 
between structures obtained in nature via biomineralization, microstructures synthesized in 
laboratories, and a series of Monte Carlo studies, Imai suggested that self-organization in 
solutions, leading to dendrite-like growth, is strongly promoted when the reaction conditions 
are farther from attaining equilibrium, and reaction kinetics is mainly dominated by a 
diffusion-limited process.
44
 The review also exemplified several previous reports, wherein a 
dendrite like growth (referred to as ‘DLA’ – diffusion-limited aggregate), similar to that 
observed in this study in ionic liquid (Figure 3.4E), was observed when highly viscous or 
supersaturated environments like agar gel matrix
40
 and metallic salts in a 2D cell
46
 were 
employed during crystallization.  
In this study in the ionic liquid [BMIM][BF4], under non-equilibrium conditions, the 
driving force for crystallization becomes governed by a diffusion-limited process, a process 
which is greatly hindered in a solution of increased viscosity, leading to closely-packed 
supersaturated reaction sites within the ionic liquid, and promoting self-organization. 
Therefore, the rate of crystal formation is diminished and crystals undergo an interesting 
fractal-like morphology transformation through self-organization that results in the formation 
of [111] oriented hierarchical Au-Ag dendritic nanostructures. 
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3.2.6 Electrocatalytic and Surface Enhanced Raman Scattering (SERS) Sensing 
Applications of Au-Ag Nanostructures 
It is well known that gold is an active electrocatalyst in alkaline medium due to the 
facile generation of surface oxide species that have been speculated as mediating 
electrocatalytic reactions.
46
 Also, silver has been reported as behaving in an analogous 
manner with considerable uptake of hydroxyl species before oxide formation. These 
properties have been utilized in the oxidation of small organic molecules such as 
formaldehyde and methanol under alkaline conditions, the detection of hydrogen peroxide and 
glucose in neutral solution and electrochemical reduction of organic halides at Ag, Au and 
Au-Ag alloys.
47-52
 After observing that galvanic replacement reactions in water and ionic 
liquid [BMIM][BF4] lead to remarkably different reaction products with diverse 
morphologies, we further compared the electrocatalytic and SERS performance of these 
materials. 
 
Figure 3.12: Cyclic voltammograms recorded at 50 mV s
-1
 at a GC electrode modified with 
Au-Ag nanostructures synthesized in H2O (dashed) and [BMIM][BF4] (solid) in 1 M NaOH 
containing (A) 50 mM hydrazine and (B) 0.1 M formaldehyde. 
Illustrated in Figure 3.12 are cyclic voltammograms for the electrochemical oxidation 
of hydrazine and formaldehyde in 1 M NaOH by Ag/Au hollow structures obtained by 
galvanic replacement in water and dendritic nanostructures obtained by galvanic replacement 
in ionic liquid [BMIM][BF4]. These reactions were chosen as they have been identified as 
possible candidates in liquid fuel cells
53,54
 where the former in particular does not suffer from 
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poisoning effects. It is clear that there is a significant improvement in electrocatalytic 
performance for the Au-Ag dendrites compared to hollow nanospheres synthesized in aqueous 
medium, in particular the significant negative shift of 200 mV in onset potential. The same 
effect is also observed during the course of formaldehyde oxidation with again a 200 mV shift 
to less positive potential for the onset of the reaction.  
It should be noted that in both cases the same amount of material was drop cast onto 
the electrode surface, however, the composition of the samples does vary slightly in that the 
Au-Ag dendrites contain slightly more Ag than the Au-Ag hollow spheres, as less silver was 
consumed during the galvanic replacement process in the ionic liquid as observed by EDX 
studies (Figure 3.7). 
Given that the Au-Ag nanodendrites contain more Ag than the Au-Ag hollow spheres, 
which is not as active a catalyst as Au, suggests that the morphology and crystallographic 
orientation of the former are the dominant factors in their improved electrocatalytic 
properties. This is consistent with previous studies that demonstrated that anisotropic fractal 
shaped palladium nanostructures where sharp edges and tapered points are more highly active 
electrocatalysts compared to quasi hemispherical nanoparticles.
55
 It was calculated that these 
Pd nanoparticles with branched patterned tips of ca. 10 nm in diameter can be considered as a 
collection of nanometre sized clusters at the tips. Therefore the local electronic properties of 
the tips of fractal structures such as those observed here (Figure 3.4E-F) differ considerably to 
those predicted from extended surfaces and are more likely prone to more facile formation of 
oxide species that can mediate electrocatalytic reactions such as hydrazine and formaldehyde 
oxidation. 
The anisotropic dendritic Au-Ag structures were also assessed for their suitability as 
SERS active nanomaterials for the sensing of chemical species. 
Researchers agree that there exist two cooperative enhancement mechanisms 
contributing to the overall enhancement. The long-range electromagnetic effect (EM) 
contributes the most to the enhancement effect and is based on the amplification of 
electromagnetic fields caused by the oscillation of surface plasmons of features in the 10-100 
nm size range. Short-range chemical enhancement (CM) contributes less so than the EM and 
is associated with bonding of molecules to surface defect sites such that charge can be 
transferred between the molecule and the metal surface.  
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Research into SERS has demonstrated the ability for roughened silver
51
 and large 
aggregations of gold nanoparticles
57-59
 to act as highly active SERS substrates.  Illustrated in 
Figure 3.13 is the SERS spectra of the Au-Ag hollow nanoshells (curve a) and Au-Ag 
dendrites (curve b) drop cast onto a polished gold substrate and using 4,4-bipyridal as a probe 
molecule. In direct comparison, a nine fold increase in SERS activity is observed for the 10% 
Au-Ag dendrites with respect to the 10% Au-Ag nanoshells. In addition to a direct increase in 
observed intensity, the resolution of the SERS spectra has increased dramatically with several 
extra peaks and shoulders much easier to discern. 
 
Figure 3.13: Surface enhanced Raman scattering spectra of (a) hollow Au-Ag alloy 
nanoshells and (b) dendritic Au-Ag alloy nanostructures employing 4,4-bipyridal as a probe 
molecule.   
Previous reports
60-62
 have demonstrated that SERS effects can be enhanced by intense 
localised fields arising from surface plasmon resonances (SPR). Dendritic structures possess 
many nanostructured elements whose distances are located in the range of effective plasmon 
resonance, resulting in the amplification of the localised electric field and therefore act to 
enhance the effective polarisation of the probe molecule and hence increasing the SERS 
activity. The prevalence of a multitude of these fine nanostructured elements in the 
hierarchical dendritic material (Figure 3.4E and F) leads to an increase in the observed 
electromagnetic effect in comparison to the nanoshells which do not possess such fine 
structures. 
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3.2.7 Conclusion 
In summary, it has been demonstrated that the choice of an appropriate solvent system 
during galvanic replacement reactions can lead to significant differences in morphology, 
optical properties and electrocatalytic performance of the resultant nanostructures. This study 
therefore offers a choice of new solvents such as ILs as a new handle to control the outcomes 
of galvanic replacement reactions. When Ag nanoparticles were galvanically replaced with 
[AuBr4]
-
 ions in the ionic liquid [BMIM][BF4], unusual dendritic structures could be 
synthesized. The synthesized dendrites were preferentially oriented in the [111] crystal planes, 
indicating an interesting self-organization growth of the crystals. Conversely, the same 
experiment conducted in an aqueous environment yielded hollow nanoshells, thus 
demonstrating the importance of the ionic liquid in forming such dendritic nanostructures.  
3.3 Summary 
The differences in the final morphology of nanostructures in these two solvent systems 
could be attributed to the stabilization of intermediate [AuBr2]
-
 (Au
I
) species in the ionic 
liquid, which is considerably less stable in the aqueous systems and tends to disproportionate 
into [AuBr4]
-
 (Au
III
) and Au
0
. By understanding the mechanisms of dendritic crystal growth, 
we proposed that in viscous solvents like ionic liquids, the crystal growth is mainly governed 
by a diffusion-limited process, thereby leading to very different reaction kinetics and hence 
markedly different reaction products, which offer further opportunities for exploration. 
Additionally, it was demonstrated through this study that Au-Ag nanostructures synthesised in 
[BMIM][BF4] by galvanic replacement reaction offered better possibilities than those 
synthesised in aqueous solvents for electrocatalysis and surface enhanced Raman scattering 
applications. The use of an ionic liquid during galvanic replacement reactions may in future 
lay the ground work to synthesize interesting nanostructures of different metals, using 
different shapes and compositions of template nanoparticles (cubes, rods, plates etc.), with 
significant applications in various arenas of life.  
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4. CHAPTER IV 
 
 
 
 
 
Fabrication of Semiconducting 
CuTCNQ Microrods and their Galvanic 
Replacement with KAuBr4 
 
 
 
 
 
In this study, the reaction of semiconductor microrods of phase I copper 7,7,8,8-
tetracyanoquinodimethane (CuTCNQ) with KAuBr4 in both acetonitrile and aqueous solution 
is discussed for the first time. It was found that the reaction in acetonitrile is redox in nature 
and proceeds via a galvanic replacement mechanism in which the surface of CuTCNQ is 
replaced with metallic gold nanoparticles. Given the slight solubility of CuTCNQ in 
acetonitrile, two competing reactions, namely CuTCNQ dissolution and the redox reaction 
with KAuBr4 were found to operate in parallel, in contrast during galvanic replacement in 
aqueous solution, the relative instability of intermediate products caused the galvanic 
replacement reaction to proceed along a different pathway. In the case of both galvanic 
replacement in acetonitrile and aqueous solution, it was found that the degree of surface 
coverage by gold nanoclusters could be appreciably controlled through increasing or 
decreasing the concentration of KAuBr4 employed. This study once again highlights the vast 
differences in reaction mechanisms when the same reaction is performed in different solvents. 
Furthermore, we have explored the photocatalytic capability of a new class of CuTCNQ@Au 
nanomaterials synthesised in this study. 
 
Work presented in this chapter has been partly published in: 
A. Pearson, A. O’Mullane, S. K. Bhargava, V. Bansal, Inorganic Chemistry, 2011, 50(5) 
1705-1712 
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4.1 Copper 7,7,8,8-tetracyanoquinodimethane (CuTCNQ) 
Metal-organic semiconducting materials based on charge transfer complexes of metal-
7,7,8,8-tetracyanoquinodimethane (TCNQ) have received considerable attention over the past 
40 years, with a particular resurgence in interest in the past few years through the work of 
Dunbar et al., Miller et al., and Bond et al.
1-19
 In particular, CuTCNQ has been the subject of 
intensive research given the observation of a switching effect from a high to low impedance 
state upon the application of an electric field or optical excitation.
20-25
 It has also been 
demonstrated that CuTCNQ can exist in two phases, namely, phase I that has a room 
temperature conductivity of 0.2 S cm
-1
 and phase II with a conductivity of 10
-5
 S cm
-1
.
26
  
 
Figure 4.1: Molecular structures of Phase I CuTCNQ 
CuTCNQ formed through a spontaneous electrolysis reaction undergoes a localised 
corrosion-crystallisation process on a Cu substrate in acetonitrile solutions through several 
steps.
27
 The reaction begins with the adsorption of TCNQ
0
 dissolved in acetonitrile onto the 
surface of the Cu substrate, this is a relatively slow process,
28
 as described by equation (1): 
                 ⇔ [    
 ]          (1) 
Once adsorbed onto the surface of the substrate, fast redox charge transfer processes
28
 
occur to facilitate the formation of Cu
+
 and TCNQ
-
 as is shown in equations (2) and (3): 
          
 
      
           (2) 
           
                   (3) 
The newly generated Cu
+
 and TCNQ
-
 species are then free to desorb from the 
substrate surface and migrate into solution via equations (4) and (5): 
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        ⇔   
                    (4) 
         ⇔     
                   (5) 
Now that the newly generated species have been liberated to solution, they are free to 
migrate and crystallise to form CuTCNQ in two different manners described by equations (6) 
and (7) for the surface recrystallization and solution recrystallization processes respectively: 
            
 
    ⇔   
               (6) 
                    
             ⇔   
            (7) 
At the initial stage of CuTCNQ formation, the nucleation rate is slow due to the small 
number of Cu
+
 and TCNQ
-
 ions being generated at the substrate surface and most of these 
ions tend to diffuse into the surrounding solution.
27,29-31
 As such the surface crystallization 
process may proceed at an insignificant rate (eq (6)). As a result, the solution recrystallization 
process is dominant (eq (7)), resulting in the formation of phase 1 cubic crystal rods of 
CuTCNQ. However, if the reaction is allowed to continue for a prolonged period of time 
however, the saturation of the reaction medium with Cu
+
 and TCNQ
-
 ions causes the solution 
recrystallization process to plateau and the increasing number of adsorbed Cu
+
 and TCNQ
-
 
species therefore causes the surface recrystallization process to become more significant 
which can lead to the formation of phase 2 needle like structures of CuTCNQ.
27,29-31
 
While there have been many attempts to synthesize CuTCNQ in various morphologies 
using chemical, electrochemical, and photochemical techniques; however, to date there has 
been little or no attempt to modify the surface of CuTCNQ once it has been formed.
32
 
Moreover, the application of CuTCNQ has been almost exclusively limited to switching and 
field emission devices.
20-25,32-36
 However, in many instances, the modification of 
semiconducting materials with metallic nanoparticles achieved by physical, chemical, or 
electrochemical methods can open up the use of these semiconductor/metal composites to a 
wide variety of areas such as catalysis and sensing as will be discussed further in chapter 5. 
For example, it is well documented that metal oxides such as TiO2, SnO2, and ZnO, which are 
utilized as supports for metal nanoparticles, are extremely effective photocatalysts for the 
removal of organic pollutants.
37-39
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 As discussed in chapter 3 a relatively recently explored area for the surface 
modification of films and solution-based nanomaterials is an elegant galvanic replacement 
process, in which two main approaches have thus been explored. In the first approach, 
sacrificial metal templates such as Ag, Co, Ni, and Cu are replaced with noble metals such as 
Au, Pd, and Pt to fabricate bimetallic colloids and surfaces. This has led to a variety of 
colloidal materials that can be hollow, highly porous, or dendritic in nature and 
nanostructured surfaces that show significant porosity or are decorated with spherical 
nanoparticles, continuous films, or dendrites.
40-49
 The second approach is the replacement of 
Si surfaces with metals ions such as Au, Pd, Pt, Cu, and Ni. This approach is carried out in the 
presence of fluoride ions, which generally employs highly corrosive hydrofluoric acid (HF), 
to facilitate the formation of SiF6
2-
, thus alleviating any formation of SiO2 that would inhibit 
the reaction.
50
 In general, the oxidation of Si to SiF6
2-
 is accompanied by a charge transfer 
through Si that allows metal deposition to occur at a different site on the surface, which is 
usually favoured at defect sites.
50
 It is also found that there can be significant roughening of 
the semiconducting surface using such an approach. In all cases, the thermodynamic driving 
force for the reaction is provided by the lower standard potential of the sacrificial metal/metal 
ion couple in comparison with that of the solution-based metal/metal ion couple. 
4.2 Galvanic Replacement of Semiconductor Phase I CuTCNQ 
Microrods with KAuBr4 in Acetonitrile to Fabricate CuTCNQ/Au 
Nanocomposites with Photocatalytic Properties 
4.2.1 Rationale 
The second approach reported above has hitherto been limited to the traditional 
semiconducting materials used in the microelectronics industry such as Si, Ge, and GaAs. 
Moreover, this approach typically requires the use of corrosive HF to achieve galvanic 
replacement on semiconducting materials. In this current study, a galvanic replacement 
technique has been employed, wherein it has been demonstrated that the surface coverage of 
CuTCNQ microrods with Au nanoparticles can be feasibly fine-tuned by controlling the gold 
salt concentration in the solution. It is also demonstrated that the phase I CuTCNQ/Au 
composite shows significant activity toward the photocatalytic degradation of organic dyes 
such as Congo red, which may open up the possibility of using this type of material for many 
other photocatalytic applications. 
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4.2.2 Experimental 
4.2.2.1 Materials 
Copper metal foil (99% purity) was obtained from Chem Supply. 7,7,8,8-
tetracyanoquinodimethane (TCNQ) was obtained from Fluka. Potassium tetrabromoaurate 
(KAuBr4 ∙ 3H2O) and Congo red were obtained from Sigma-Aldrich, and acetonitrile was 
obtained from BDH Chemicals. Copper foil was treated with dilute nitric acid, rinsed with 
water, and dried with a flow of nitrogen immediately prior to use. All other chemicals were 
used as received without modification. 
4.2.2.2 Phase I CuTCNQ synthesis 
Two 15 x 1.5 x 0.015 cm
3
 strips of copper foil were first immersed in dilute nitric acid 
to facilitate the removal of any oxide species on the copper surface. The pieces of copper foil 
were then washed with deionized water and immediately placed in two separate solutions of 
50 mL of a 5 mM TCNQ in acetonitrile. The surface of the copper foils was observed to turn 
black in colour with a dark bluish/purplish tinge, indicating the formation of CuTCNQ, and 
the reaction was allowed to proceed for 1 hour. The CuTCNQ foils were then washed three 
times with deionized water and dried under nitrogen. After the CuTCNQ foils were 
sufficiently washed and dried, the 15 x 1.5 cm
2
 pieces of foil were cut into 1.5 x 1.5 cm
2
 
pieces to ensure that all subsequent experiments were performed on the same batch of 
CuTCNQ. 
4.2.2.3 Galvanic Replacement of CuTCNQ with KAuBr4 in acetonitrile 
Six 1.5 x 1.5 cm
2
 pieces of CuTCNQ were each added to separate solutions containing 
increasing concentrations (1 μM, 10 μM, 50 μM, 100 μM, 500 μM, and 1 mM) of KAuBr4 in 
5 mL of acetonitrile. The galvanic replacement reaction between CuTCNQ and KAuBr4 was 
then allowed to proceed for 4 h. After 4 h, the pieces of CuTCNQ were removed from 
solution and washed three times with deionized water to remove any residual KAuBr4 or 
dissolved CuTCNQ. 
In a control experiment, pristine CuTCNQ microrods grown onto copper foil were 
immersed in acetonitrile for 4 h to follow its spontaneous dissolution in acetonitrile. In 
another control experiment, to observe the effect of copper foil on the galvanic replacement 
reaction, CuTCNQ crystals grown onto copper foil were separated by scratching the surface, 
followed by the galvanic replacement of 1 mg of CuTCNQ powders (in the absence of Cu 
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foil) with increasing concentrations (1 μM, 10 μM, 50 μM, 100 μM, 500 μM, 1 mM, and 10 
mM) of KAuBr4 in 5 mL of acetonitrile for 4 h. 
4.2.2.4 Photocatalytic Experiments 
The photocatalytic activity of the galvanically replaced phase I CuTCNQ substrates 
was examined by immersing a 1.5 x 1.5 cm
2
 piece of CuTCNQ in a 5 mL, 50 μM aqueous 
solution of the organic dye, “Congo red” (CR), and recording the intensity of the 
characteristic absorption maxima at ca. 500 nm after exposure to simulated solar light (based 
on equator conditions) for a period of 30 min. An Abet Technologies LS-150 Series 150W Xe 
Arc lamp source with a condensing lens was used with the sample placed in a quartz vial at a 
distance of 7 cm from the source with slow mechanical stirring to promote mixing of the 
solution. After 30 min of irradiation, the composite was removed, and the remaining solution 
was examined by UV-vis spectroscopy. Additionally, the degradation of Congo red dye as a 
function of photoreaction time was monitored by total organic carbon (TOC) measurements 
for the CuTCNQ/Au sample prepared by reacting with 1 mM KAuBr4. The TOC 
measurements were performed using a Sievers instrument. 
4.2.3 Decoration of CuTCNQ microrods with Au Clusters 
The formation of phase I CuTCNQ through the spontaneous electrolysis technique has 
been well documented in previous studies.
36,51
 Illustrated in Figure 4.2A are phase I CuTCNQ 
microrods that have been formed through the reaction of copper foil with an acetonitrile 
solution containing 5 mM TCNQ. It can be clearly seen that a dense coverage of CuTCNQ 
microrods that grow outward from the surface has been achieved. The rods have an average 
square cross section of 1 x 1 μm with faceted corners and are 10-20 μm in length. Lower 
magnification SEM images shown in Figure 4.2B demonstrate a uniform distribution of 
CuTCNQ microrods on the copper foil surface.  
FTIR spectroscopy (further discussed later) analysis confirmed that the microrods 
were composed of phase I CuTCNQ, with characteristic vibration modes at 2199, 2171, and 
825 cm
-1
 (Figure 4.8).
1
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Figure 4.2: Scanning electron microscopy (SEM) images of pristine CuTCNQ microrods 
synthesised on a Cu substrate in acetonitrile. Scale bars correspond to 2 μm. 
The reaction of phase I CuTCNQ with KAuBr4 was then undertaken in an acetonitrile 
solution containing different concentrations of the gold salt. However, given that CuTCNQ is 
slightly soluble in acetonitrile to an estimated concentration of 0.14 mM,
52
 the Cu foil with 
CuTCNQ microrods grown on both sides was first immersed in acetonitrile for 4 h to follow 
its dissolution. 
 
Figure 4.3: Scanning electron microscopy (SEM) images of CuTCNQ microrods immersed in 
acetonitrile for 4 h. Scale bar corresponds to 1 μm. 
 It can be seen in Figure 4.3 that the CuTCNQ microrods dissolve in acetonitrile to 
leave behind a mixture of hollow microtubes with a wall thickness of ca. 50 nm and vertically 
oriented long plate-like structures that result from dissolution of three out of four long edges 
of the microrods. Interestingly, during CuTCNQ dissolution in acetonitrile, the length of the 
CuTCNQ microrods was not observed to change significantly. This type of effect has been 
observed by Liu and co-workers, who monitored CuTCNQ formation over time using the 
spontaneous electrolysis method.
51
 It was found that the dissolution rate eventually exceeds 
the formation rate, resulting in the formation of hollow CuTCNQ tubes.
51
 Here, the only 
process occurring is the dissolution process, which is analogous to pitting corrosion and 
results in the rapid formation of CuTCNQ microtubes, which remain stable in acetonitrile for 
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extended periods of time after equilibrium is reached. It is noteworthy that the microrods are 
physically fragile, which can be easily dislodged from the substrate surface even with a flow 
of water. 
Upon the addition of 1 μM KAuBr4 in acetonitrile, the CuTCNQ microrods undergo a 
similar morphology change to that observed when no KAuBr4 is present, whereby well-
defined hollow CuTCNQ rods are observed with smooth, thin walls of ca. 50 nm in thickness 
(Figure 4.4A). Increasing the concentration of KAuBr4 to 10 μM also results in etching of the 
CuTCNQ rods to form a pseudo-hollow structure; however, the degree of CuTCNQ 
dissolution into acetonitrile is observed to be significantly less than that observed for the 
lower concentration (1 μM) of KAuBr4, as it can be seen that the etching has only partly 
dissolved the interior of the CuTCNQ rod (Figure 4.4B).  
 
Figure 4.4: Scanning electron microscopy (SEM) images of CuTCNQ microrods reacted with 
(A) 1 μM, (B) 10 μM and (C) 50 μM KAuBr4 in acetonitrile. Scale bars correspond to 2 µm. 
The addition of 50 μMKAuBr4 shows similar dissolution of CuTCNQ by acetonitrile 
compared to that observed for both 1 μM and 10 μM KAuBr4 additions. However, the exterior 
walls of the CuTCNQ rods appear to undergo a transformation whereby small features 
attributable to the deposition of sub-100-nm quasi-spherical nanoparticles are observed 
(Figure 4.4C). These particles were confirmed to be Au by EDX analysis (Figure 4.7). It is 
also of note that the dissolution of CuTCNQ has occurred primarily in the center of the 
CuTCNQ microrods at a square offset at ca. 90 to the microrods themselves (Figure 4.4C).  
Increasing the KAuBr4 concentration to 100 μM results in the deposition of large 100-
200 nm quasi-spherical Au particles with an increased density on the surface of the etched 
CuTCNQ microrods, where the etching has been significant enough to split the rod into four 
prongs where the four corners of the CuTCNQ rod had once been connected (Figure 4.5A). 
Interestingly, further increasing the KAuBr4 concentration to 500 μM during the reaction 
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inhibits the etching process, thereby resulting in only minor etching at the top of the CuTCNQ 
rods while the surface appears roughened with the deposition of both large (100-200 nm) and 
small (sub-100 nm) quasi-spherical gold particles (Figure 4.5B).  
 
Figure 4.5: SEM images of CuTCNQ microrods reacted with (A) 100 μM and (B) 500 μM, 
KAuBr4 in acetonitrile. Scale bars correspond to 2 µm. 
This effect becomes more pronounced when the KAuBr4 concentration is further 
increased to 1 mM, which results in a significant increase in the number of Au nanoparticles 
decorating the surface of the CuTCNQ microrods, while little to no dissolution of CuTCNQ is 
observed (Figure 4.6). At the highest KAuBr4 concentration, the decoration with Au 
nanoparticles begins at the top of the CuTCNQ rods where almost complete coverage is 
observed and becomes sparser further down the CuTCNQ rod to the substrate surface. 
 
Figure 4.6: SEM images of CuTCNQ microrods reacted with 1 mM KAuBr4 in acetonitrile. 
Scale bars correspond to 2 µm. 
4.2.4 Characterisation of CuTCNQ/Au nanocomposites 
The formation of Au nanoparticles on the surface of CuTCNQ during the reaction was 
also established by EDX analysis, which shows a continuous increase in the signature for Au 
upon increasing the gold salt concentration used during the reaction (Figure 4.7). With respect 
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to CuTCNQ, energy levels characteristic of C Kα, N Kα, O Kα, and Cu Lα are present at 
0.277 keV, 0.392 keV, 0.524 keV and 0.929 keV respectively. All the spectra shown in Figure 
4.7 have been normalized in intensity with respect to Cu Lα edge line, which is an indicative 
of CuTCNQ and is present in all the samples. It is clearly evident that as the concentration of 
the gold salt is increased during galvanic replacement reaction with CuTCNQ, the peaks 
attributed to C, N and O are decrease in intensity with the concomitant development of a 
broad peak at ca. 2.122 keV, which is characteristic of Au Mα and Mβ energy levels. This 
evidence corroborates well with the SEM results (Figures 4.2-4.6), which indicate that the 
surface of the CuTCNQ microrods becomes progressively coated with Au particles as the 
concentration of KAuBr4 is increased. 
 
Figure 4.7: EDX analysis of pristine CuTCNQ microrods and after their galvanic 
replacement with increasing amounts of KAuBr4. All the spectra have been normalized in 
intensity to Cu signal, and corresponding C Kα, N Kα, O Kα, Cu Lα and Au Mα / Au Mβ 
energy levels labelled in the spectra. 
FTIR analysis of samples (displayed in Figure 4.8) was used to determine the presence 
of either phase I or phase II CuTCNQ. The synthesized pristine CuTCNQ shows bands 
characteristic of phase I CuTCNQ at 2199, 2171 and 825 cm
-1
. As increasing amounts of 
KAuBr4 are introduced into the system during galvanic replacement reactions, no shift in the 
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location of these characteristic bands was observed. This indicates that CuTCNQ retains its 
phase I characteristics throughout the reaction. 
 
Figure 4.8: Fourier transform infrared (FTIR) spectra of (a) pristine CuTCNQ microrods, (b) 
CuTCNQ microrods immersed in acetonitrile for 4 hours, and (c-h) CuTCNQ microrods 
reacted with (c) 1 μM, (d) 10 μM, (e) 50 μM, (f) 100 μM, (g) 500 μM and (h) 1 mM KAuBr4. 
The nature of CuTCNQ/Au nanocomposite after reaction between phase I pristine 
CuTCNQ crystals and highest KAuBr4 concentration used in this study (1 mM) was further 
verified using X-ray photoelectron spectroscopy (XPS), which is a highly surface sensitive 
technique and can provide crucial information about chemical species present in the system.
52
 
XPS analysis for Cu 2p and Au 4f core levels of CuTCNQ/Au nanocomposite shown in 
Figure 4.6 are exhibited in Figure 4.9.  
The Cu 2p core level (Figure 4.9A) showed two characteristic 2p3/2 and 2p1/2 splitting 
components with sharp peaks arising at binding energies (BEs) of ca. 933.8 eV and 953.7 eV 
respectively, which correspond to phase I CuTCNQ.
36
 Additionally, no significant signature 
corresponding to shake-up satellites due to Cu
2+
 was observed, suggesting that the products 
remain predominantly Cu
+
 even after galvanic replacement with highest concentration of 
[AuBr4]
-
 ions.
36
 
Moreover, XPS measurements also confirmed that the product formed after galvanic 
replacement essentially remains as phase I CuTCNQ without any signatures of CuBr 
formation, this is because in CuBr, the Cu 2p3/2 component is expected at 932.4 eV,
53
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2500 2100 1700 1300 900
 
 
In
te
n
s
it
y
 (
a
.u
.)
Wavenumber (cm
-1
)
 CuTCNQ
 ACN Imm.
 10-6 Au
 10-5 Au
 5x10-5
 10-4 Au
 5x10-4
 10-3 Au
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
  
 
86 
1.4 eV lower than that observed in our system. Similar to Cu 2p, Au 4f core levels can be split 
into 4f7/2 and 4f5/2 components with major 4f7/2 BE feature at ca. 84.7 eV, which is a 
characteristic of Au
0
,
54
 thus further confirming the formation of Au nanoparticles during 
galvanic replacement reaction. 
 
Figure 4.9: XPS analysis showing the (A) Cu 2p and (B) Au 4f core levels from CuTCNQ/Au 
nanocomposite obtained after reaction of CuTCNQ crystals with 1 mM KAuBr4 in 
acetonitrile. 
Given the substantial dissolution of CuTCNQ that seems to occur during the reaction 
with lower concentrations of KAuBr4, the reaction solutions were monitored with UV-visible 
absorbance spectroscopy (Figure 4.10). Initially, a UV-vis spectrum of a solution in which a 
CuTCNQ substrate was immersed in acetonitrile for 4 h was recorded (brown curve). It is 
evident that a spectrum typical of TCNQ
-
 ions in solution is recorded where several 
characteristic peaks above 600 nm wavelength are observed with a major peak at ca. 745 nm, 
a secondary peak at ca. 765 nm and a shoulder at ca. 725 nm. Additional features over 400-
450 nm wavelength range can also be seen, which are indicative of TCNQ
- 
ions.
15
 This 
indicates that CuTCNQ dissolves to form TCNQ
-
 and Cu
+
 ions in acetonitrile, where the latter 
species is assumed due to the high stability of Cu
+
 in this solvent.
55
 As a reference, a UV-vis 
spectrum of 5 mM TCNQ in acetonitrile was also collected (orange dotted curve), which 
shows a typical strong absorption band centered at 390 nm and no evidence of spectral 
features above 650 nm, thus corroborating well with previous observations.
14,56  
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UV-visible spectral analysis of the solutions in which CuTCNQ samples were reacted 
with increasing concentrations of KAuBr4 indicates that the intensities of all the features 
associated with TCNQ
-
 above 650 nm decrease in proportion to the amount of KAuBr4 added 
to the reaction, thus indicating a decrease in the amount of TCNQ
-
 dissolving into acetonitrile. 
Significantly, upon the addition of 500 µM and 1 mM KAuBr4, the intensity of the peaks 
attributable to TCNQ
-
 falls to zero, which indicates that at higher gold salt concentrations, 
either little or no TCNQ
-
 is dissolved into the solution. This observation is consistent with the 
SEM images which show little to no etching of the CuTCNQ microrods at higher gold salt 
concentrations (Figure 4.5C and Figure 4.6). Similarly, at 400-450 nm wavelength range, 
peaks attributable to TCNQ
-
 are also observed to decrease, whereas a feature at 390 nm is 
observed to increase in intensity with increasing gold salt concentration. This is interesting as 
it suggests the possibility of neutral TCNQ formation during the reaction of phase I CuTCNQ 
with KAuBr4, which is highly soluble in acetonitrile. This feature at 390 nm becomes 
increasingly prominent with increasing gold salt concentration.
 
 
Figure 4.10: UV-visible spectra of solutions obtained after galvanic replacement of CuTCNQ 
with increasing concentrations of KAuBr4 in acetonitrile. 
The possibility of residual TCNQ from the CuTCNQ synthesis procedure may play a 
slight role but would not account for the increasing intensity of the band at 390 nm with 
increasing KAuBr4 concentration. There may also be a contribution from unreacted KAuBr4 
whose spectrum is also shown (blue dotted curve), however this is quite a broad feature (350 
to 450 nm) and is not as sharp as the band associated with neutral TCNQ. This provides a 
strong argument in favour of formation of a neutral TCNQ species during the reaction 
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between CuTCNQ microrods and KAuBr4 and suggests a galvanic replacement process does 
occur. 
The observation of Au nanoparticles on the surface of CuTCNQ rods (Figure 4.5 and 
Figure 4.6) and a UV-vis spectral feature associated with neutral TCNQ suggests that a redox 
reaction occurs between phase I CuTCNQ and KAuBr4 via simultaneous reduction of Au
3+
 
from KAuBr4 and oxidation of TCNQ
-
 from CuTCNQ, whose rate is dependent on the 
concentration of KAuBr4 used. A powerful method to probe differences between TCNQ and 
materials containing TCNQ
-
 anion radicals is Raman spectroscopy.  
Illustrated in Figure 4.11 are Raman spectra of solid films of pristine TCNQ crystals 
(spectrum A), pristine phase I CuTCNQ (spectrum B), and CuTCNQ after being reacted with 
1 mM KAuBr4 (spectrum C). Pristine TCNQ crystals exhibit four characteristic principle 
vibration modes at ca. 1200 cm
-1
 (C=CH bending), 1450 cm
-1
 (C-CN wing stretching), 1600 
cm
-1
 (C=C ring stretching) and ca. 2225 cm
-1
 (C-N stretching) (spectrum A), which correlate 
well with the literature.
57
 For the CuTCNQ sample (spectrum C), it can be seen that the C-CN 
wing stretching vibration mode is shifted to 1380 cm
-1
, and the C-N stretching band is shifted 
to 2200 cm
-1
 in comparison with TCNQ (spectrum A), which are indicative of TCNQ
-
. 
Significantly, for CuTCNQ reacted with 1 mM KAuBr4 (spectrum C), the presence of a C-CN 
wing stretching vibration mode at 1450 cm
-1
 illustrates the formation of neutral TCNQ, (as 
seen in spectrum A), and a small shifted feature at 1380 cm
-1
 (as seen in spectrum B).  
 
Figure 4.11: Raman spectra of (A) TCNQ crystals drop cast onto a polished gold substrate, 
(B) unmodified CuTCNQ substrate and (C) CuTCNQ reacted with 1 mM KAuBr4. 
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The full Raman study involving reactions with increasing concentration of gold salt is 
illustrated in Figure 4.12 which shows the gradual appearance of the C-CN wing stretching 
vibration mode at 1450 cm
-1
 associated with TCNQ, as the gold concentration is increased 
during the reaction.  
The 1450 cm
-1
 feature after reaction with gold salt can therefore be confidently 
associated with a reaction product and not a contaminant, as the pristine CuTCNQ sample 
(spectrum B) shows no evidence of this band. This also suggests that, under conditions 
employed in this study, most of the TCNQ that is formed during the reaction is not liberated 
into the solution as observed by UV-vis spectroscopic analysis (Figure 4.10). 
To support the XPS results (Figure 4.9) and to ensure that the formation of metallic 
gold was achieved during the reaction of CuTCNQ with KAuBr4, XRD spectra of CuTCNQ 
reacted with the different gold salt concentrations was performed (Figure 4.13).  
 
Figure 4.12: Raman spectra of (a) pristine CuTCNQ microrods, (b) CuTCNQ microrods 
immersed in acetonitrile for 4 hours, (c-h) CuTCNQ microrods reacted with (c) 1 μM, (d) 10 
μM, (e) 50 μM, (f) 100 μM, (g) 500 μM and (h) 1 mM KAuBr4, and (i) pure TCNQ crystals. 
The pristine TCNQ powder (pattern a) shows major peaks at 18.6
◦
, 24.2
◦
, 26.0
◦
, 27.5
◦
, 
28.5
◦
 and 30.1
◦ 2θ that correspond to monoclinic TCNQ and agree well with the literature 
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(JCPDS card 00-033-1899). The pristine CuTCNQ substrate (pattern b) shows two peaks at 
16.0
◦
 and 18.0
◦ 2θ that are attributable to phase I CuTCNQ (00-054-1997). In addition to these 
two peaks, a collection of three peaks at 22.5
◦
, 25.0
◦
 and 29.0
◦ 2θ can also be attributed to 
CuTCNQ and correspond well with literature.
1
 When 1 µM KAuBr4 is introduced (pattern c), 
little change is observed in both the intensity and position of peaks, which corresponds well 
with the SEM image shown in Figure 4.4A that describes no significant decoration with gold 
particles. As the concentration of KAuBr4 is increased to 10 µM (pattern d), peaks attributed 
to CuTCNQ at 16.0
◦
, 18.0
◦
, 22.5
◦
, 25.0
◦
 and 29.0
◦ 2θ are observed to reduce in intensity. 
This is consistent with the SEM images shown in Figure 4.4B typifying the dissolution 
of CuTCNQ into the reaction medium. Also of note is the appearance of a small peak 
attributable to the [111] plane of face centered cubic (fcc) gold at 38
◦
 2θ (03-065-2870). A 
further increase of the KAuBr4 concentration to 50 µM (pattern e) results in a greater 
reduction in intensity of the peaks associated with CuTCNQ, along with concomitant increase 
in the Au [111] peak at 38
◦
 with additional fcc Au peaks at 44.5
◦
, 65.0
◦
 and 78.0
◦
 2θ 
corresponding to the [200], [220] and [311] crystal planes respectively. 
 
Figure 4.13: XRD patterns of (a) pristine TCNQ crystals, (b) pristine CuTCNQ microrods, 
and (c-h) CuTCNQ reacted with (c) 1 µM, (d) 10 µM, (e) 50 µM, (f) 100 µM, (g) 500 µM and 
(h) 1 mM KAuBr4. Peaks corresponding to fcc gold planes have been labeled. 
The addition of 100 µM KAuBr4 (pattern f), results in a further reduction in intensity 
of the CuTCNQ peaks and an increase in the peaks associated with metallic gold. Upon the 
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addition of 500 µM KAuBr4 (pattern g), an almost complete reduction in intensity of the 
CuTCNQ peaks, with a simultaneous increase in the intensity of the fcc gold peaks is 
observed. Finally, addition of 1 mM KAuBr4 (pattern h) results in the increased intensity of a 
peak at 27.5
◦
 2θ, which could be attributed to a combination of both CuTCNQ and TCNQ 
peaks and an increase in those attributed to fcc gold, which again correlates well with the 
SEM image (Figure 4.6). 
4.2.5 Mechanism of Galvanic Replacement 
The SEM, EDX, UV-visible, Raman, FT-IR spectroscopy and XRD analyses 
demonstrate a stark difference in the morphology and composition of both the reactant 
solution and the CuTCNQ substrate as the concentration of KAuBr4 is increased during 
galvanic replacement reaction, suggesting a combination of two reaction mechanisms. In the 
absence of KAuBr4, the CuTCNQ rods are observed to dissolve in acetonitrile solvent to form 
hollow CuTCNQ rods, indicating the dissolution of phase I CuTCNQ into the solvent as 
described by Eq. 8: 
CuTCNQ(s)  Cu
+
 + TCNQ
-
                                  (8) 
Conversely, when KAuBr4 is introduced in acetonitrile, the dissolution of CuTCNQ 
into the solvent is found to reduce (signatures of TCNQ
-
 ions are reduced) and the amount of 
TCNQ
0
 formed in the solvent increases (UV-vis spectroscopy, Figure 4.10). This suggests 
that a redox reaction that is akin to a galvanic replacement process occurs between CuTCNQ 
and KAuBr4 and results in the decoration of phase I CuTCNQ with Au particles, which can be 
described by Eq. 9: 
3 CuTCNQ + KAuBr4  Au
0
 + 3 TCNQ
0
 + 3 CuBr + KBr   (9) 
It has been demonstrated by Bond et al
55
 that CuTCNQ oxidizes over a potential range 
of 0.500 to 0.700 V (vs SHE) whereas the standard reduction potential for the AuBr4
-
/Au 
couple is 0.854 V (vs SHE),
30
 which provides enough driving force for this reaction to be 
thermodynamically possible. The possibility of AuBr4
-
 ions reacting with Cu
+
 ions to form 
Au
0
 can be discounted as Cu
+
 ions are highly stable in acetonitrile and not readily oxidized 
where the standard potential for the Cu
2+
/Cu
+
 couple has been reported to be 1.291 V (vs 
SHE).
55
 Notably, this is the first time, to the best of our knowledge, that the galvanic 
replacement of a semi-conducting charge transfer complex has been reported. At higher 
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concentrations of KAuBr4 (> 100 µM), it seems that the galvanic replacement reaction is the 
dominant process, which results in little CuTCNQ dissolution but in the formation of neutral 
TCNQ that diffuses into the reactant solution. Indeed the replacement reaction becomes so 
dominant at the highest gold salt concentrations studied (1 mM) that neutral TCNQ is found 
in the CuTCNQ/Au composite (as seen by Raman and XRD analysis), suggesting that the 
reaction is extremely rapid which instantaneously covers any TCNQ formed during the 
reaction with Au nanoparticles and prevents its dissolution.  
To rule out the possibility of pinholes in the CuTCNQ film which might expose the 
underlying metallic copper film where galvanic replacement could occur, CuTCNQ crystals 
were removed from the surface of Cu foil and then directly reacted with KAuBr4 in 
acetonitrile in the absence of Cu foil. In this case also, the isolated CuTCNQ microrods 
decorated with Au nanoparticles were observed (Figure 4.14). 
 
Figure 4.14: SEM images of A pristine CuTCNQ microrods, B CuTCNQ microrods immersed 
in acetonitrile for 4 hours, and C-H CuTCNQ microrods reacted with C 1 μM, D 10 μM, E 50 
μM, F 100 μM, G 500 µM, H 1 mM, and I 10 mM KAuBr4 in the absence of an underlying Cu 
substrate. Scale bars correspond to 1 µm. 
 The same general trend is observed in that CuTCNQ decoration with Au particles 
becomes more significant at higher gold salt concentrations, with interesting hollow cubic-
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shaped particles being formed at higher KAuBr4 concentration of 1 mM. The appearance of 
hollow Au cubes during galvanic replacement of a semiconductor CuTCNQ by metal ions is 
interesting, and corroborates well with previous galvanic replacement studies involving a 
metal/ metal ion couple.
47
 Interestingly, when KAuBr4 concentration was further increased to 
10 mM, a significant increase in the decoration of CuTCNQ with Au cubes was observed. 
Formation of such structures on CuTCNQ surface once again reaffirms the possibility of 
performing galvanic replacement reactions on semiconducting surfaces, as has been 
demonstrated for the first time in this study. 
4.2.6 Photocatalytic degradation of Congo red 
 The decoration of semi-conducting materials such as TiO2 with metal nanoparticles to 
improve their photocatalytic properties through better interfacial charge transport and charge 
separation under band gap excitation conditions is well established.
58-61
 Since the phase I 
CuTCNQ/Au microrods synthesized in this study has not hitherto been reported, the 
possibility of using such materials for photocatalytic degradation of “Congo red”, an organic 
dye, was explored in the presence of simulated solar radiation.  
 
Figure 4.15: Molecular structure of the organic azo dye ‘Congo red’ 
Shown in Figure 4.16A are the photodegradation percentages of the phase I CuTCNQ 
substrates galvanically replaced with differing amounts of KAuBr4 after irradiation of solar 
light for 30 minutes when compared with a stock solution containing 50 µM of the Congo red 
dye by taking absorbance (Amax) intensity of Congo red at 500 nm into account. When no 
CuTCNQ substrate is present (a), the solar radiation causes degradation of ca. 7 % of the dye 
which increases to ca. 12 % upon the introduction of an unmodified CuTCNQ substrate (b), 
indicating that phase I CuTCNQ has a degree of photocatalytic activity.  
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When the CuTCNQ substrate is galvanically replaced with 1 µM KAuBr4 (c), the dye 
degradation increases to ca. 28%. With increasing concentrations of KAuBr4, the 
photodegradation of dye molecules is found to increase to ca. 42% (d - 10 µM KAuBr4), ca. 
60 % (e - 50 µM KAuBr4), and to a maximum of ca. 67 % (f - 100 µM KAuBr4) within 30 
min of reaction. However, further increasing the KAuBr4 concentration to 500 µM and 1 mM 
KAuBr4 (g and h, respectively) leads to a decrease in the photocatalytic activity of the 
CuTCNQ/Au substrate to ca. 61 % and ca. 51 % respectively within 30 min of reaction.  
It is well known and is shown later in a separate study in chapter 5 that the extent of 
metal loading on the surface of a photocatalyst is correlated to the efficiency of the material, 
and that above the optimum metal content the efficiency is observed to decrease.
62
 As such, 
great care must be taken to ensure that a quantity of metal that provides optimum 
photocatalytic activity is used for improved photocatalytic performance. The deposition of 
metal nanoparticles on the CuTCNQ surface may enhance the photocatalytic activity through 
suppression of the charge-recombination phenomenon inherent to semi-conducting materials, 
effectively acting as an electron sink and increasing the lifetime of the electron-hole pair that 
is generated in a photocatalytic process. This process is discussed in depth in Chapter 5, 
section 5.3.5. 
Although UV-vis spectroscopy experiments revealed significant degradation of Congo 
red in the presence of CuTCNQ/Au nanocomposites, it is likely that the degradation products 
of organic dyes might still be present in the solution in the form of colourless organic 
products. Therefore, additional measurements were performed wherein total organic carbon 
(TOC) contents of Congo red containing solutions were determined in a time-dependent 
fashion after their exposure to one of the CuTCNQ/Au nanocomposites (sample obtained 
using 1 mM KAuBr4). The TOC measurements shown in Figure 4.16B clearly indicate more 
than 50% reduction in the TOC content of solution after 30 min exposure to CuTCNQ/Au 
composite (Figure 4.16B (b)), which further reduces by 68% after 60 min (Figure 4.16B (c)). 
In comparison, only 21% reduction in TOC content was observed when Congo red was 
exposed to simulated solar radiation for 3 h in the absence of CuTCNQ/Au nanocomposite 
(Figure 4.16B (d)). This can be considered as highly significant photocatalytic performance 
for a novel CuTCNQ/Au material, which has not hitherto been reported for its photocatalytic 
properties. 
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Figure 4.16: (A) Percentage photodegradation of 50 µM aqueous solution of the organic dye 
Congo red under simulated solar light conditions for 30 minutes as recorded by UV-Vis 
spectroscopy: (a) Congo red, (b) pristine CuTCNQ, and (c-h) CuTCNQ reacted with (c) 1 
µM, (d) 10 µM, (e) 50 µM, (f) 100 µM, (g) 500 µM and (h) 1 mM KAuBr4. (B) Percentage 
total organic carbon obtained from Congo red (a) before and (b-d) after its exposure to 
simulated solar light for (b) 30 min and (c) 60 min in the presence of CuTCNQ/Au 
nanocomposite, and (d) 180 min in the absence of CuTCNQ/Au nanocomposite.(C) UV-
visible absorbance spectra of the organic dye Congo red (CR) upon exposure to different 
CuTCNQ/Au materials for 30 min under simulated solar light conditions. 
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It is also noteworthy that although traditional metal-decorated metal oxides such as 
TiO2 might achieve better photocatalytic performance than that demonstrated by the 
CuTCNQ/Au system in our study (TiO2 systems are discussed in chapter 5), the first time 
demonstration that semiconductor CuTCNQ/Au composites are able to show solar light 
photocatalytic performance is highly significant, with a scope for further development, 
particularly for visible light photocatalysis. 
4.2.7 Conclusion 
In this work, it has been demonstrated that microrods of phase I CuTCNQ can be 
decorated with metallic Au from an acetonitrile solution containing KAuBr4 by a galvanic 
replacement mechanism. Under conditions of low gold salt concentration, the dissolution of 
CuTCNQ occurs and results in the formation of hollow rods. This dissolution process 
becomes more inhibited as the redox reaction between phase I CuTCNQ and [AuBr4]
-
 ions 
takes effect, which results in extensive coverage of CuTCNQ with metallic Au with an 
evidence of surface confined neutral TCNQ formation that is inaccessible to the acetonitrile 
solution. Interestingly, the phase I CuTCNQ@Au composite materials showed promising 
photocatalytic properties for the destruction of organic dyes such as Congo red, whose 
performance was found dependent on the surface coverage of CuTCNQ with Au particles. 
This approach opens up the possibility of studying other metal-TCNQ semiconductor 
complexes that could be replaced with noble metals such as gold, platinum and palladium, 
and may have interesting applications particularly in catalysis and sensing. 
4.3 Galvanic Replacement of Semiconductor Phase I CuTCNQ 
Microrods with KAuBr4 in Aqueous solution to Fabricate CuTCNQ/Au 
Nanocomposites 
4.3.1 Rationale 
In the previous study (section 4.2) the galvanic replacement of CuTCNQ with AuBr4
-
 
ions in acetonitrile solution was explored to which end it was found that two competing 
mechanisms occurred, one, the dissolution of CuTCNQ into acetonitrile and two, the galvanic 
replacement of CuTCNQ to form metallic Au from [AuBr4]
-
. Moving on, by performing the 
same experiment in aqueous solution, the effect that an aqueous solvent can have on the 
galvanic replacement process can be explored. It is demonstrated that due to the difference in 
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solubility of reaction intermediates, the galvanic replacement reaction between CuTCNQ 
microrods and [AuBr4]
-
 ions in aqueous solution follows a dramatically different pathway 
than that in acetonitrile. It is also demonstrated that the surface coverage of the CuTCNQ 
microrods with Au nanoclusters can once again be appreciably fine-tuned by controlling the 
concentration of AuBr4
-
 in solution. 
4.3.2 Experimental 
4.3.2.1 Materials 
See section 4.2.2.1 – Materials. 
4.3.2.2 Phase I CuTCNQ synthesis 
See section 4.2.2.2 – Phase I CuTCNQ synthesis. 
4.3.2.3 Galvanic Replacement of CuTCNQ with KAuBr4 in aqueous solution 
Eight 1.5 x 1.5 cm
2
 pieces of CuTCNQ synthesized in acetonitrile were each added to 
separate solutions containing increasing concentrations (1 µM, 10 µM, 50 µM, 100 µM, 500 
µM, 1 mM, 10 mM and 100 mM) of KAuBr4 in 5 mL deionized water. The galvanic 
replacement reaction between CuTCNQ and KAuBr4 was then allowed to proceed for 4 
hours. After 4 hours, the pieces of CuTCNQ were removed from solution and washed three 
times with deionized water to remove any residual reactants and soluble products. 
In a control experiment, to observe the effect of copper foil on the galvanic 
replacement reaction, CuTCNQ crystals grown onto copper foil were separated by scratching 
the surface, followed by the galvanic replacement of 1 mg of CuTCNQ powders (in the 
absence of Cu foil) with increasing concentrations (1 μM, 10 μM, 50 μM, 100 μM, 500 μM, 1 
mM, 10 mM and 100 mM) of KAuBr4 in 5 mL of deionised water (MilliQ) for 4 hours. 
4.3.2.4 Photocatalytic Experiments 
See section 4.2.2.4 – Photocatalytic Experiments 
4.3.3 Decoration of CuTCNQ microrods with Au Clusters 
The CuTCNQ employed in the galvanic replacement reaction in aqueous solvents is 
from the same batch as was employed in acetonitrile galvanic replacement therefore for 
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brevity images of the pristine CuTCNQ microrods are not rediscussed here. Representative 
images are displayed in Figure 4.2A and B showing high and low magnifications respectively.  
Previously, it has been demonstrated that during the reaction of phase I CuTCNQ 
microrods with different concentrations of KAuBr4 in acetonitrile, two competing reaction 
mechanisms occur during galvanic replacement. Under conditions of low gold salt 
concentration, the dissolution of CuTCNQ is the dominant process and results in the 
formation of hollow CuTCNQ rods. As the gold salt concentration is increased this 
dissolution process becomes more inhibited as the redox reaction between phase I CuTCNQ 
and Au
3+
 ions takes effect, which results in extensive coverage of CuTCNQ with metallic Au 
with an evidence of surface confined neutral TCNQ formation that is inaccessible to the 
acetonitrile solution.  
In contrast to this work, galvanic replacement of the synthesized CuTCNQ microrods 
was this time undertaken in aqueous solution. CuTCNQ is not appreciably soluble in water 
and no structural change is observed even after several weeks of immersion, as such, SEM 
images of CuTCNQ immersed in water for several weeks are not shown for brevity. 
Galvanic replacement of CuTCNQ microrods with 1 µM KAuBr4 (Figure 4.17a,d) 
results in decoration of irregularly shaped small sub 100 nm Au clusters on the top most 
surface of the CuTCNQ rods, interestingly, unlike our previous work in acetonitrile solution, 
no dissolution of CuTCNQ is observed with this small concentration of [AuBr4]
-
 ions, and the 
CuTCNQ rods remain intact. However, even at 1 μM [AuBr4]
-
 concentration, decoration of 
Au nanoparticles on top of CuTCNQ rods was observed. By increasing the KAuBr4 
concentration to 10 µM (Figure 4.17b, e), deposition of slightly larger 100-200 nm, 
irregularly shaped Au nanoparticles on the uppermost surface of the CuTCNQ microrods 
occurs. Increasing the concentration of [AuBr4]
-
 ions to 50 µM (Figure 4.17c,f) results in 
deposition of a larger number of 100-200 nm irregular Au nanoparticles. Interestingly, these 
nanoparticles are now observed to decorate the sides of the rods with the number of Au 
nanoparticles becoming sparser further along the rods towards the Cu substrate.  
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Figure 4.17: SEM images of CuTCNQ microrods galvanically replaced with (a,d) 1 μM, (b,e) 
10 μM and (c,f) 50 μM KAuBr4 in aqueous solution. Scale bars: (a-c) 1 μm and (d-f) 500 nm. 
Increasing the concentration again to 100 µM KAuBr4 (Figure 4.18a,d) results in 
similar Au nanoparticle decoration to what was observed for 50 µM KAuBr4. A large number 
of irregularly shaped 100-200 nm Au clusters are observed decorating both the top surface 
and the sides of the rods with the frequency of Au decoration decreasing further down the 
rods towards the Cu substrate. Interestingly, unlike the trend observed, increasing the 
concentration of KAuBr4 to 500 µM (Figure 4.18b,e) does not appear to increase the number 
of nanoparticles decorating the surface and sides of the CuTCNQ rods, rather the Au 
nanoparticles seem to undergo an interesting morphology change to become much more cubic 
in nature with well-defined edges ca. 200 nm in length as can be seen in Figure 4.18e. 
Similar to reaction with 500 µM KAuBr4, reaction with 1 mM KAuBr4 (Figure 
4.18c,f) results in the decoration of very large 200-500 nm Au clusters that at higher 
magnification appear to be agglomerates of many smaller quasi-cubic nanocrystals. At this 
stage of Au cluster decoration, almost the entirety of the CuTCNQ rod is covered with Au 
clusters to the extent where little of the CuTCNQ rod can be observed. 
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Figure 4.18: SEM images of CuTCNQ microrods galvanically replaced with (a,d) 100 μM, 
(b,e) 500 μM and (c,f) 1 mM KAuBr4 in aqueous solution. Scale bars: (a-c) 1 μm and (d-f) 
500 nm. 
By greatly increasing the KAuBr4 concentration to 10 mM (Figure 4.19a,c) complete 
coverage of the CuTCNQ rods with a thick covering of large Au clusters which range in size 
from 200-1000 nm can be achieved. Once again, at higher magnification these also appear to 
be large agglomerates of cubic crystals, interestingly, at this higher magnification, small flat 
crystals (100-200 nm) of CuBr2 can be observed decorating the surface of the Au covered 
rods. Formation of CuBr2 crystals in this sample was confirmed by XRD as explained later in 
Figure 4.26. 
Finally, increasing the concentration of KAuBr4 to 100 mM (Figure 4.19b,d) results in 
complete coverage of the CuTCNQ rods with a thick covering of Au which has resulted from 
the deposition of an incredibly large number of Au crystals, at higher magnifications shown in 
Figure 4.19, the surface can also be seen to be decorated with large 2-3 µM flat cubic crystals 
of CuBr2.  
The formation of Au clusters on the surface of the CuTCNQ microrods was followed 
using EDX analysis wherein a continuous increase in the signature corresponding to the Au 
Mα and Mβ lines is observed with increasing KAuBr4 concentration (Figure 4.20). 
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Figure 4.19: SEM images of CuTCNQ microrods galvanically replaced with (a,c) 10 mM and 
(b,d) 100 mM KAuBr4 in aqueous solution. Scale bars: (a,d) 1 μm, (b) 5 μm and (c) 500 nm. 
Characteristic energy lines corresponding to C Kα, N Kα, O Kα and Cu Lα are 
observed in all samples at 0.277 keV, 0.392 keV, 0.524 keV and 0.929 keV respectively in 
Figure 4.20 where all spectra have been normalized with respect to the Cu Lα line. As the 
concentration of KAuBr4 is increased, a peak correlating to the Au Mα and Mβ lines at 2.122 
keV is observed to gradually increase in intensity indicating an increase in the amount of Au 
present on the surface of the CuTCNQ rods. Notably, as the concentration of KAuBr4 is 
increased to 10 mM and 100 mM, a strong signature corresponding to the Br Lα is observed at 
1.596 keV, confirming the presence of a Br containing species that is deposited on the surface 
of the CuTCNQ microrods during galvanic replacement with higher concentrations of 
KAuBr4. In addition to EDX, FT-IR was performed to provide additional information 
regarding the phase of CuTCNQ as increasing concentrations of KAuBr4 are introduced.  
Displayed in Figure 4.21 is the FTIR spectral analysis which showed only the 
presence of phase I CuTCNQ. The synthesized unmodified CuTCNQ shows characteristic 
bands attributable to phase I CuTCNQ at 2199, 2171 and 825 cm
-1
 and as increasing 
concentrations of KAuBr4 are introduced these bands are not observed to shift in location 
indicating that during galvanic replacement with increasingly different concentrations of 
KAuBr4, phase I CuTCNQ is not converted to phase II CuTCNQ. 
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Figure 4.20: EDX analysis of pristine CuTCNQ microrods before and after their galvanic 
replacement with increasing amounts of KAuBr4. All the spectra have been normalized in 
intensity to Cu signal, and corresponding C Kα, N Kα, O Kα, Cu Lα, Br Lα and Au Mα / Au 
Mβ energy levels labeled in the spectra. 
However, the galvanic replacement of CuTCNQ with 100 mM KAuBr4 results in a 
FTIR spectra with very few features and none that can be attributed to CuTCNQ, this may be 
due to the very thick coating of gold (as is described by SEM in Figure 4.19b) inhibiting the 
ability of the FTIR instrument to collect information on the underlying CuTCNQ rods. 
The galvanic replacement reaction used in this body of work was further examined 
using X-ray photoelectron spectroscopy (XPS) which is a highly surface sensitive technique 
and can provide crucial information about the chemical species present.
52
 
XPS analysis of the Cu 2p and Au 4f core levels was performed on those CuTCNQ 
samples that were galvanically replaced with 1 mM and 100 mM KAuBr4 and are shown in 
Figure 4.22a for Cu 2p and Figure 4.22b for Au 4f. The Cu 2p core levels in the 1 mM 
KAuBr4 (Figure 4.22a) sample showed two characteristic 2p3/2 and 2p1/2 splitting components 
with sharp peaks at binding energies (BEs) of 933.7 eV and 953.7 eV respectively which can 
be attributed to phase I CuTCNQ.
36
 Significantly, no signature corresponding to shake-up 
satellite peaks due to the formation of Cu
2+
 is observed which suggests that the final products 
of the galvanic replacement reaction with 1 mM KAuBr4 remain as Cu
+
 (in CuTCNQ).
36
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Figure 4.21: FTIR spectra of (a) pristine CuTCNQ microrods, and (b-i) CuTCNQ microrods 
reacted with (b) 1 μM, (c) 10 μM, (d) 50 μM, (e) 100 μM, (f) 500 μM, (g) 1 mM, (h) 10 mM 
and (i) 100 mM KAuBr4. 
However, upon galvanic replacement of CuTCNQ with 100 mM KAuBr4 (Figure 
4.22a) a significant shift in the BE of the Cu 2p3/2 peak to ca. 932.6 eV, which is ca. 1.1 eV 
lower than what was observed for galvanic replacement with 1 mM KAuBr4, as well as the 
observation of significant shake-up satellites which can be attributed to the formation of Cu
2+
, 
therefore it can be concluded that after galvanic replacement of CuTCNQ with 100 mM 
KAuBr4, were observed the predominant Cu species is that of Cu
2+
, most likely in the form of 
CuBr2.
53
 These CuBr2 crystals were also observed during SEM analysis of these samples 
Figure 4.19b, d) 
Similar to Cu 2p, the Au 4f core level can be split in 4f7/2 and 4f5/2 components. In the 
case of both galvanically replaced samples (Figure 4.22b) the major feature attributable to Au 
4f7/2 is observed at ca. 84.7 eV which is a clear indication of the formation of Au
0
,
54
 which 
therefore confirms the formation of metallic Au particles during the galvanic replacement 
reaction. 
2500 2200 1900 1600 1300 1000 700
 
 
(i)
In
te
n
s
it
y
 (
a
.u
.)
Wavenumber (cm
-1
)
 1x10-1 Au
 1x10-2 Au
 1x10-3 Au
 5x10-4 Au
 1x10-4 Au
 5x10-5 Au
 1x10-5 Au
 1x10-6 Au(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
  
 
104 
 
Figure 4.22: XPS analysis showing the (a) Cu 2p and (b) Au 4f core levels from CuTCNQ/Au 
nanocomposites obtained after reaction of CuTCNQ microrods with both 1 mM and 100 mM 
KAuBr4 in aqueous solution. XPS spectrum of the Cu 2p core levels for pristine CuTCNQ is 
provided for comparison. 
A powerful tool allowing researchers to probe the differences between TCNQ species 
(i.e. TCNQ
-
 and TCNQ
0
) in a material is Raman spectroscopy. Displayed in Figure 4.23 are 
Raman spectra of CuTCNQ microrods galvanically replaced with increasing concentrations of 
KAuBr4 and a spectrum of pure TCNQ crystals for comparison. CuTCNQ possesses four 
characteristic features in a Raman spectrum, these are principally located at 1200 cm
-1
 (C=CH 
bending), 1380 cm
-1
 (C-CN wing stretching), 1600 cm
-1
 (C=C ring stretching) and ca. 2200 
cm
-1
 (C-N stretching). Interestingly, unlike the previous galvanic replacement experiment in 
acetonitrile, galvanic replacement of CuTCNQ with increasing concentrations of KAuBr4 
does not appear to result in the shift of any peaks attributable to CuTCNQ providing a strong 
indication that TCNQ
0
 is not a product of the galvanic replacement reaction as no shift in the 
C-CN wing stretching vibrational mode to ca. 1450 cm
-1
 is observed which would indicate 
formation of TCNQ
0
.
57
 
Interestingly galvanic replacement with 10 and 100 mM KAuBr4 results in almost 
complete quenching of the Raman signal attributable to CuTCNQ, whereby the intensity of 
the Raman spectra  required enhancement by a factor of 15 and 50 (for galvanic replacement 
with 10 and 100 mM KAuBr4 respectively) for peaks to become discernable, this quenching 
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of the CuTCNQ signatures can be attributed to the thick layer of Au deposited on the surface 
of the CuTCNQ microrods essentially preventing Raman interactions. 
  
Figure 4.23: Raman spectra of (a) pristine CuTCNQ microrods, (b-i) CuTCNQ microrods 
reacted with (b) 1 μM, (c) 10 μM, (d) 50 μM, (e) 100 μM, (f) 500 μM, (g) 1 mM, (h) 10 mM 
(intensity multiplied 15) and (i) 100 mM (intensity multiplied 50) KAuBr4 with (j) pure TCNQ 
crystals provided for comparison. 
To further support these results and to ensure that the formation of metallic Au was 
indeed achieved during the galvanic replacement reaction, XRD patterns of CuTCNQ reacted 
with the different concentrations of KAuBr4 were collected (Figure 4.24). Depicted in pattern 
a is the pristine TCNQ powder displaying major peaks at 18.6°, 24.2°, 26.0°, 27.5°, 28.5° and 
30.1° 2θ which correspond well with the literature for monoclinic TCNQ (JCPDS card 00-
033-1899). The unmodified CuTCNQ substrate (pattern b) demonstrates two peaks at 16.0° 
and 18.0° 2θ that can be attributed to phase I CuTCNQ (00-054-1997) while in addition to 
these peaks, three peaks at 22.5°, 25.0° and 29.0° 2θ can also be attributed to CuTCNQ which 
also correspond well with the literature.
1
 Upon reaction with 1 µM KAuBr4, (pattern c), there 
is little change observed in the intensity or location of any peaks, which corroborates well 
with what was observed in the SEM images (Figure 4.17a, d) which describe negligible 
decoration with Au clusters. As the concentration of KAuBr4 is increased to 10 µM (pattern 
d), the resultant XRD spectra is very similar to that which was observed for 1 µM KAuBr4, as 
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once again in comparison to the SEM images (Figure 4.17b, e), little Au decoration is 
observed.  
 
Figure 4.24: XRD patterns of (a) pristine TCNQ crystals, (b) pristine CuTCNQ microrods, 
and (c-j) CuTCNQ reacted with (c) 1 µM, (d) 10 µM, (e) 50 µM, (f) 100 µM, (g) 500 µM, (h) 
1 mM, (i) 10 mM and (j) 100 mM KAuBr4. Peaks corresponding to fcc gold planes have been 
labelled. (*) corresponds to signals arising from CuBr2. 
The first signatures attributable to the [111] plane of fcc Au (03-065-2870) appear 
after galvanic replacement with 50 µM KAuBr4 (pattern e) at 38.0° 2θ which is to be expected 
as decoration with Au nanoparticles is observed to greatly increase in the SEM (Figure 4.17c, 
f). Notably, there is no reduction in intensity of the peaks attributed to CuTCNQ. With a 
further increase in the KAuBr4 concentration to 100 µM (pattern f), the peak attributed to the 
[111] plane of fcc Au at 38.0° 2θ is observed to increase in intensity which correlates well 
with what is observed in the SEM images (Figure 4.18a, d) which described a higher loading 
of Au clusters. An increase in the concentration of KAuBr4 to 500 µM (pattern g) results in an 
increase in intensity of the peak at 38.0° 2θ attributed to the [111] plane of fcc Au in addition 
to the appearance of new peaks at 44.5°, 65.0° and 78.0° 2θ which correspond well with the 
[200], [220] and [311] crystal planes of fcc Au respectively. Once again, it is notable that the 
intensity of the peaks attributed to CuTCNQ has not decreased with increasing Au decoration.  
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Notably, increasing the KAuBr4 concentration to 1 mM (pattern h) results in an 
increase in the intensity of the peaks attributed to fcc Au at 38.0°, 44.5°, 65.0° and 78.0° 2θ 
(the [111], [200], [220] and [311] planes respectively) and a reduction in the intensity of the 
peaks attributed to CuTCNQ. By examining the SEM images (Figure 4.18c, f), this decrease 
can be attributed to an almost complete coverage of the CuTCNQ rods by Au clusters such 
that the majority of x-rays are diffracted by the Au clusters. Notably, the intensity of the 
[200], [220] and [311] crystal planes of fcc Au are observed to increase in intensity with 
respect to the [111] crystal plane.  
The decrease in CuTCNQ signatures can be further corroborated by examining the 
galvanic replacement of CuTCNQ with 10 mM KAuBr4 (pattern i) which when examining the 
SEM images (Figure 4.19a, c) demonstrated complete coverage of CuTCNQ by Au clusters. 
As a result, the peaks attributed to CuTCNQ are not observed, while the peaks attributed to 
fcc Au at 38.0°, 44.5°, 65.0° and 78.0° 2θ are observed to further increase in intensity along 
with the addition of two peaks at 27.0° and 51.2°
 2θ which can be attributed to the formation 
of CuBr2 (00-045-1063). Lastly, galvanic replacement with 100 mM KAuBr4 (pattern j) 
results in a very complex pattern in which it is very difficult to accurately assign peaks, of 
note is the dramatic increase in the those peaks attributable to the [200], [220] and [311] 
crystal planes with respect to the [111] crystal plane indicating that the Au clusters formed are 
much more polycrystalline than those formed at lower gold concentrations, which agrees well 
with the obtained SEM images (Figure 4.17-Figure 4.19). Also present are peaks attributable 
to the formation of CuBr2 at 27.0°, 45.1°, 51.2° and 73.2° 2θ. The remaining unassigned 
peaks can be attributed to the formation of a copper bromide hydroxide species Cu2Br(OH)3 
(00-045-1309) through the ranges of 20.5-22.5°, 32.9-37.1° and 47.1-50.7° 2θ. 
4.3.4 Mechanism of Galvanic Replacement in aqueous solution 
Unlike the previous galvanic replacement reaction in acetonitrile acetonitrile, on the 
surface, the galvanic replacement of CuTCNQ with KAuBr4 in aqueous solution seems to be 
much simpler, as there is no dissolution of CuTCNQ to take into account. The significant 
absence of any signature that can be attributed to the formation of TCNQ
0
 in Raman 
spectroscopy indicates that during the galvanic replacement reaction between CuTCNQ and 
KAuBr4, the TCNQ
0
 generated as a result of AuBr4
-
 reduction must be returned to its original 
TCNQ
-
 state (as Cu
+
TCNQ
-
). Thus we propose the mechanism as summarised in Scheme 1.  
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Scheme 4.1: A schematic representation of the galvanic replacement reaction between 
CuTCNQ microrods and KAuBr4 in an aqueous environment. Step 1 describes the galvanic 
replacement of CuTCNQ by KAuBr4 to generate metallic Au
0
 by oxidizing CuTCNQ to Cu
+
 
and TCNQ
0
 followed by the disproportionation of Cu
+
 in water to form Cu
0
 and Cu
2+
 (step 2). 
Step 3 describes the regeneration of CuTCNQ through reaction between the newly generated 
Cu
0
 and the TCNQ
0
 that was formed by oxidation of CuTCNQ. Finally, step 4 describes the 
formation of CuBr2 from residual Cu
2+
 and Br
-
 ions. 
In this scheme, step 1 describes the galvanic replacement process through which 
AuBr4
-
 ions are reduced to form metallic Au
0
 on the surface of the CuTCNQ rods via equation 
(10): 
   [     ]
 
                       
 
          
 
        
 
        
 
             
                             … (10) 
In this reaction, metallic Au is generated by oxidising the TCNQ
-
 bound to Cu
+
 to 
form TCNQ
0
 while simultaneously releasing Cu
+
 into the reaction medium, however, in 
aqueous solutions, Cu
+
 is unstable and spontaneously disproportionates to form equal parts 
Cu
0
 and Cu
2+
, as is described by equation (11): 
Cu
+
 + e
-
  Cu0  E0 = 0.521 V 
Cu
2+
 + e
-
  Cu+  E0 = 0.152 V 
Thus, when combined: 
2 Cu
+
  Cu0 + Cu2+  E0 = 0.368 V 
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Therefore, in this particular case: 
               
 
        
  
          (11) 
Furthermore, the Cu
0
 species generated through this disproportionation reaction can 
react with the TCNQ
0
 generated through galvanic replacement of CuTCNQ with KAuBr4 (via 
equation (12)) to regenerate the CuTCNQ that was oxidised as a direct result of galvanic 
replacement. In order to balance the process, the regeneration of all oxidised CuTCNQ must 
employ Cu
0
 from the underlying Cu substrate via equation (12): 
              
 
                       
 
                 (12) 
 This complete regeneration of the CuTCNQ that participates in the galvanic 
replacement reaction can explain the observation that the CuTCNQ rods do not undergo any 
significant size or morphology changes during galvanic replacement as well as the absence of 
any signature that would correspond to TCNQ
0
 in the Raman studies. Profile view SEM 
images (Figure 4.25) of the galvanically replaced substrates demonstrate that the Cu substrate 
has become significantly roughened after galvanic replacement whilst no roughening is 
observed in the absence of galvanic replacement with KAuBr4; this suggests that the surface 
roughening is in part due to the galvanic replacement process.  
Lastly, the Cu
2+
 generated through the disproportionation of Cu
+
 is able to diffuse 
through solution and react with those Br
-
 ions that were liberated during the galvanic 
replacement process to form CuBr2 via equation (13): 
               
 
                    (13) 
By regenerating the CuTCNQ that was oxidised during the galvanic replacement reaction 
with AuBr4
-
, the concentration of [AuBr4]
-
 becomes the limiting factor in the degree of Au 
nanoparticle deposition and as a result, the galvanic replacement reaction continues until all 
AuBr4
-
 has been consumed by the galvanic replacement process. Overall, the galvanic 
replacement reaction can be described by equation (14): 
                                                       
 
                      
             (14) 
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Figure 4.25: Profile view SEM images of (a) unmodified CuTCNQ and CuTCNQ galvanically 
replaced with (b) 10 μM and (c) 500 μM KAuBr4 demonstrating the roughness of the 
underlying Cu substrate after galvanic replacement. These images were obtained by cutting a 
small piece off the corner of the substrate and rotating the SEM stage 45°. 
 It must be noted that at lower concentrations of KAuBr4, CuBr2 is not detected, or is 
detected in very small amounts of the surface of the CuTCNQ@Au material, this may be due 
to the diffusion of Cu
2+
 and Br
-
 away from the CuTCNQ surface during reaction and as such 
when CuBr2 is formed, it is not formed at the CuTCNQ surface and is subsequently removed 
through washing of the substrate, which is evident from a photograph of the reaction medium 
after galvanic replacement with 1x10
-3
 KAuBr4 and removal of the substrate which 
demonstrates a strong blue tint, also, a GADDS XRD pattern of the precipitated blue material 
which demonstrates peaks characteristic of the formation of CuBr2 (Figure 4.26).  
 
Figure 4.26: (a) Photograph of the remaining solution of the galvanic replacement reaction 
between CuTCNQ substrate and 1 mM KAuBr4 showing a distinct blue colouration due to the 
formation of CuBr2 crystals which are largely unbound to the CuTCNQ surface and are 
therefore removed when washed and (b) GADDS XRD pattern of the blue precipitate 
collected after washing. 
Previously it has been demonstrated by Bond et al
55
 that CuTCNQ oxidises over a 
potential range of 0.500 to 0.700 V (vs SHE) while the standard reducing potential of the 
[AuBr4]
-
/Au couple is known to be ca. 0.85 V (vs SHE), therefore there exists enough driving 
force for this reaction to by thermodynamically possible. Also, the possibility of AuBr4
-
 ions 
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reacting with Cu
+
 ions that are liberated during CuTCNQ oxidation can be discounted as the 
standard potential for the Cu
2+
/Cu
+
 couple has been reported to be +1.291 V (vs SHE),
55
 
indicating a reaction between Cu
+
 and AuBr4
-
 is not thermodynamically possible. 
 
Figure 4.27: Raman spectra of (a) pure TCNQ crystals, (b-d) powdered CuTCNQ microrods 
reacted with (b) 10 μM, (c) 100 μM and (d) 1 mM KAuBr4 and (e) pristine CuTCNQ 
microrods without an underlying Cu substrate. 
Since in the proposed mechanism the participation of the underlying Cu substrate to 
enable to regeneration of all oxidised CuTCNQ has been hypothesised, a control experiment 
of galvanic replacement in the absence of an underlying Cu substrate (i.e. on powdered 
CuTCNQ) was performed. Of great consequence, the Raman study of the three concentrations 
of KAuBr4 studied (displayed in Figure 4.27) demonstrated the formation of neutral TCNQ
0
 
which was not observed when a Cu substrate was present. 
This reaction mechanism is summarised in Scheme 2. While very similar to Scheme 1 
in aspects that steps 1, 2 and 4 are identical, step 3 is different in the presence and absence of 
a Cu substrate, whereby the regeneration of CuTCNQ from TCNQ
0
 and the Cu
0
 species 
generated through Cu
+
 disproportionation, all the oxidised CuTCNQ cannot be completely 
regenerated, as a result, residual TCNQ
0
 remains on the surface, as is described by equation 
(15): 
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      (15) 
Therefore the overall equation for the galvanic replacement reaction between 
CuTCNQ powder (i.e. CuTCNQ in the absence of an underlying Cu substrate) and KAuBr4 in 
aqueous solution can be described by equation (16): 
                                       
 
          
 
                       
          (16) 
As a result of these observations, the participation of the underlying Cu substrate in 
the regeneration of CuTCNQ after oxidisation with KAuBr4 can be supported. 
 
Scheme 4.2: A schematic representation of the galvanic replacement reaction between 
CuTCNQ microrods and KAuBr4 in the absence of an underlying Cu substrate in an aqueous 
environment. Step 1 describes the galvanic replacement of CuTCNQ by KAuBr4 to generate 
metallic Au
0
 by oxidizing CuTCNQ to Cu
+
 and TCNQ
0
 followed by the disproportionation of 
Cu
+
 in water to form Cu
0
 and Cu
2+
 (step 2). Step 3 describes the regeneration of CuTCNQ 
through reaction between the newly generated Cu
0
 and the TCNQ
0
 that was oxidized from 
CuTCNQ, notably however, not enough Cu
0
 is generated to completely regenerate the 
oxidized CuTCNQ and as a result residual TCNQ
0
 remains on the surface of the microrods. 
Finally, step 4 describes the formation of CuBr2 from residual Cu
2+
 and Br
-
 ions. 
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4.3.5 Photocatalytic degradation of Congo red 
As has been previously demostrated, phase I CuTCNQ@Au microrods can be 
appreciably employed for the photocatalytic degradation of the organic dye ‘Congo red’ under 
simulated solar light conditions. Shown in Figure 4.28 are the photodegradation percentages 
of the CuTCNQ substrates that have been galvanically replaced with increasing 
concentrations of KAuBr4 in aqueous solution after irradiation with solar light for 30 minutes 
when compared to a stock solution containing 50 μM Congo red by measuring the absorbance 
(Amax) intensity of Congo red at 500 nm.  
 
Figure 4.28: (A) Percentage photodegradation of 50 µM aqueous solution of the organic dye 
Congo red under simulated solar light conditions for 30 minutes as recorded by UV-Vis 
spectroscopy: (a) Congo red control, (b) pristine CuTCNQ, and (c-j) CuTCNQ reacted with 
(c) 1 µM, (d) 10 µM, (e) 50 µM, (f) 100 µM, (g) 500 µM, (h) 1 mM, (i) 10 mM and (j) 100 mM 
KAuBr4. (B) UV-visible absorbance spectra of the organic dye Congo red (CR) upon 
exposure to different CuTCNQ/Au materials for 30 min under simulated solar light 
conditions. 
In the absence of CuTCNQ material (a), the solar radiation causes ca. 7% of the dye to 
degrade which upon introduction of an unmodified phase I CuTCNQ substrate increases to ca. 
26% indicating that phase I CuTCNQ without modification has a slight degree of 
photocatalytic activity. When the phase I CuTCNQ substrates are galvanically replaced with 
increasing concentrations of KAuBr4 in aqueous solution, the photocatalytic activity is 
initially observed to increase to ca. 29% for 1 μM KAuBr4 (c), ca. 54% for 10 μM KAuBr4 (d) 
before reaching a maximum of ca. 64% degradation at galvanic replacement with 50 μM 
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KAuBr4 (e). It is well documented that the extent of metal loading on the photocatalyst 
surface is directly related to the photocatalytic efficiency of the material and above the 
optimum loading the efficiency is observed to decrease.
62
 As a direct correlation to this, 
galvanic replacement with a KAuBr4 concentration of 100 μM (f) results in a decrease in 
degradation to ca. 51 % while further increasing the KAuBr4 concentration through 500 μM 
(g) and 1 mM (h) results in ca. 46% and ca. 40% degradation respectively. Interestingly, 
greatly increasing the KAuBr4 concentration to 10 mM and 100 mM (i and j respectively) 
causes the observed degradation of Congo red to fall to ca. 16% and ca. 12 % respectively 
which is below that which was observed for unmodified phase I CuTCNQ. This dramatic 
decrease in photocatalytic activity can be attributed to the high degree of metal loading on the 
CuTCNQ surface which in turn does not allow incident photons to interact with the 
underlying CuTCNQ material which correlates well with what is observed in the SEM images 
(Figure 4.19). 
4.3.6 Conclusion 
This study of the galvanic replacement process in an aqueous solution, has 
demonstrated the decoration of phase I CuTCNQ microrods with metallic Au from aqueous 
solution with a tuneable degree of metal loading based on the concentration of Au ions 
employed is possible. By gradually increasing the concentration of [AuBr4]
-
 ions in the 
galvanic replacement reaction the amount of metal nanoclusters deposited on the surface of 
the CuTCNQ microrods was observed to dramatically increase with increasing [AuBr4]
-
 
concentration, ultimately leading to the saturation of the CuTCNQ microrod surface with gold 
nanoclusters without any dissolution or hollowing of the CuTCNQ microrods. Interestingly 
the galvanic replacement process in water demonstrated an interesting mechanism whereby 
CuTCNQ that was oxidised by KAuBr4 was completely regenerated due to the 
disproportionation of a liberated Cu
+
 species to form Cu
0
 and Cu
2+
 in aqueous solution. 
4.4 Summary 
By changing the reaction media for the galvanic replacement of CuTCNQ microrods 
with KAuBr4, structures with remarkably different morphologies were obtained. This stark 
difference in morphology can be attributed to the vastly different reaction mechanisms which 
are exhibited by the galvanic replacement reaction in acetonitrile and aqueous solution; 
wherein the stability of Cu
+
 in acetonitrile (and instability in aqueous solution) and the 
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solubility of TCNQ and TCNQ
-
 ions in acetonitrile (and corresponding insolubility in aqueous 
solution) had a dramatic effect on the final reaction products. 
CuTCNQ@Au structures synthesised in both acetonitrile and aqueous solution 
demonstrated for the first time with CuTCNQ based materials, interesting photocatalytic 
activity for the degradation of the organic dye Congo red, wherein the photocatalytic 
performance was found to be dependent on the degree of metal loading on the CuTCNQ 
surface with a large degree of overloading leading to a dramatic decrease in photocatalytic 
activity of the material. 
In summary, this study once again highlights the importance of the solvent medium 
when performing galvanic replacement reactions, as was originally demonstrated in chapter 3. 
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5. CHAPTER V 
 
 
 
 
 
Decoration of TiO2/Keggin Ion 
Photococatalysts with Metal 
Nanoparticles for Improved Solar Light 
Photocatalysis 
 
 
 
 
 
In this study a facile localized reduction approach to synthesize metal-decorated Keggin 
ion/TiO2 photococatalysts is explored for improved solar light photocatalysis applications. 
This has been achieved by exploiting the ability of TiO2-bound Keggin ions to act as a highly 
localized UV-switchable reducing agent. By employing different combinations of TiO2 
surface modification, TiO2 morphology and an array of different metal nanoparticles, the 
effects that these parameters can have on the photocatalytic activity of these systems was 
established.
 
Work presented in this chapter has been partly published in: 
A. Pearson, H. Jani, K. Kalantar-Zadeh, S. K. Bhargava, V. Bansal, Langmuir, 2011, 27(11), 
6661-6667 
A. Pearson, S. K. Bhargava, V. Bansal, Langmuir, 2011, 27(15), 9245-9252 
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5.1 Titanium Dioxide (TiO2) - the Band Gap and Charge Recombination 
Titanium dioxide, known colloquially as ‘titania’ or TiO2 is one of the most common 
oxides present in the Earth’s crust. TiO2 is part of the family of transition metal oxides and 
exists primarily in three forms in nature; the tetragonal rutile and anatase phases and the 
orthorhombic brookite phase. The rutile phase of TiO2 contains seven atoms per unit cell 
arranged in a TiO6 octahedron that is slightly distorted.
1-3
 Zhang et al
4
 have demonstrated that 
upon heating, the anatase and brookite phases of TiO2 tend to transform to the rutile phase. 
Unfortunately, the photocatalytic activity of the rutile phase is generally very poor.
5
 The 
anatase phase has a similar tetragonal structure to the rutile phase however the distortion in 
the octahedron is slightly larger. Because of its higher electron mobility, the anatase phase of 
TiO2 is preferred for solar light applications, this increased activity can be attributed to the 
slightly higher Fermi level, lower capacity to adsorb oxygen and a higher degree of 
hydroxylation.
6,7
 Lastly, the orthorhombic brookite phase of TiO2 is composed of eight 
formulaic units of TiO2 and is formed by edge-sharing TiO6 octahedra. Unfortunately, the 
brookite phase is far more complicated and as a result is not often employed in experimental 
investigations.
2
 
 
Figure 5.1: Depictions of the unit cells of the (A) rutile and (B) anatase phases of TiO2.
8
Grey 
balls represent Ti atoms while red balls represent O atoms.  
From a photocatalysis application perspective, an ideal material should be simple to 
produce and use, be cost effective, stable and nonhazardous for persons or the environment.
7
 
Many reported materials possess dire limitations, for example, GaAs, PbS and CdS are 
typically not stable in aqueous solution and are toxic, ZnO dissolves in aqueous solution to 
form Zn(OH)2 and Fe2O3, SnO2 and WO3 possess an inadequate conduction band level.
9
   
  In research circles, TiO2 is close to being the ideal photocatalyst and has received 
tremendous scrutiny for a broad range of applications as a wide band gap semiconductor 
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material due largely to its intriguing physical and chemical properties and its cheap, abundant 
and reasonably non-toxic nature. Commercially, TiO2 is employed in a huge variety of 
products, ranging from pigments in paints and dyes as a UV-absorber in sunscreens and as 
industrial photocatalysts. 
Also widely employed as a catalyst support,
10
 TiO2 is widely acknowledged to 
enhance the catalytic activity in many cases due to strong interactions between the active 
phase and the support.
11
 In particular, the photocatalytic properties of the anatase phase of 
TiO2 enjoy greater attention (than rutile or brookite phases) due to the potential applications 
in paints and in the degradation of environmentally toxic dyes
12,13
 and organic pollutants.
14,15
 
Unfortunately, the application of anatase phase TiO2 particles is limited due to 
problems associated with the charge recombination (electron/hole recombination) 
phenomenon inherent to semiconductor particles and also due to their large band gap of 3.2 
eV,
16
 which typically requires exposure of ultraviolet radiation for TiO2 mediated 
photocatalysis applications. The valence band of TiO2 is composed of the 2p orbitals of O 
hybridised with the 3d orbitals of Ti.
17
 The band gap is an energy range in a solid material 
where no electronic states can exist and in principle, the band gap refers to the energy gap (in 
eV) between the valence band and conduction bands of the material. 
 
Figure 5.2: Graphical representation of the band gap 
In an effort to overcome this inherent band gap for application purposes, a great deal 
of effort is ongoing to shift the band gap energy of anatase TiO2 particles further towards the 
visible region of the spectrum (i.e. less energetic radiation would be required to mediate 
photocatalytic reactions).
18-20
 In addition to attempts to shift the band gap energy, efforts have 
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been made to dope small amounts of transition metals into the TiO2 matrix in an attempt to 
suppress the charge recombination phenomenon.
21,22
 As a photocatalytic reaction proceeds, an 
accumulation of charges on the TiO2 surface accelerates the recombination process such that a 
photoreaction is unable to compete.
23
 
With the major limitations of employing TiO2 as a photocatalyst being the large band 
gap and the charge recombination phenomenon, researchers have demonstrated that 
deposition of noble metal nanoclusters such as Au and Pt on the TiO2 surface through both 
chemical and photodeposition methods can enhance the photocatalytic activity of the 
system.
24-26
 Recently, efforts have been made to bind metal nanoclusters to TiO2 surfaces 
using a self-assembled monolayer approach.
27-30
 Among various metal nanoparticles, the Au-
TiO2 system has received particular attention because of interesting phenomena occurring at 
the Au nanoparticle-TiO2 matrix interface,
31
 leading to demonstrated applications of Au-
TiO2 systems in nonlinear optical devices,
32-34
 and photoelectrochemical solar cells.
16,35  
Many other metal (M)-TiO2 systems, such as V-TiO2,
36
 Pt-TiO2,
37
 Ni-TiO2
38
 and Rh-
TiO2
39
 have also been well studied. Similarly, Au dispersed TiO2 films have also been 
synthesized previously using different routes including RF-sputtering
22,34
 and liquid phase 
deposition.
33
 The most often used techniques for the preparation of TiO2 supported metals are 
impregnation and ion exchange,
40
 which often require unfavourable conditions such as high 
temperatures and pressures. Additionally, in chemical routes of depositing metal nanoparticles 
onto TiO2 surface, the metal ion reduction step often leads to the formation of fresh metal 
nuclei in the solution, in addition to direct metal reduction onto TiO2 surface. This is clearly 
undesirable from the application point of view, as the final product contains a mixture of both 
metal nanoparticles and metal-decorated TiO2 nanoparticles. 
A possible strategy to circumvent this drawback could be based on the immobilization 
of a reducing agent locally on the surface of TiO2 particles, which when exposed to the metal 
ions, would reduce them, thereby leading to the formation of only metal-decorated TiO2 
nanoparticles without any free metal nanoparticles contamination.
41,42
 
5.2 What are Keggin Ions? 
Keggin ions are a specific class of polyoxometalate (POM) which possess the ‘Keggin 
structure’ first demonstrated on 12-phosphotungstic Acid by J. F. Keggin43. A 
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polyoxometalate consists of at least three transition metal atoms which form a three 
dimensional structure through linked oxygen atoms which often encloses one or a number of 
hetero atoms.  
Keggin ions possess the general formula [XM12O40]
n-
 where X is the hetero atom 
(often P
5+
), M is the transition metal atom (or addenda atom) and O represents the linking 
oxygen atoms.  As an example, the Keggin structure of 12-Phosphotungstic Acid consists of a 
cage of 12 WO6 tetrahedrons with a central phosphate (PO4
3-
) at the centre. While this may 
seem like an excessive number of oxygen atoms to satisfy the generalised Keggin ion 
formula, the majority of oxygen atoms within the Keggin structure form bridges between two 
tungsten atoms, forming the framework of the Keggin structure. The twelve octahedra are 
organised into four groups of three WO6 where a WO6 unit is joined to the other two members 
of its subset through shared edges and joined to the other subsets and the central PO4
3-
 
through shared corners.
44
 
 
Figure 5.3: Schematic illustrating the Keggin structure of the phosphotungstate anion 
[(PW12O40)
3-
].
45
 The central phosphate group is surrounded by a cage of twelve WO6 groups 
wherein oxygen atoms form a bridge between tungsten atoms. 
 Phosphotungstic acid, as with many POMs are characterised by intense O-M (where 
M = W, Mo etc) charge-transfer bands in the near visible and ultra violet regions of the 
spectrum. However, upon reduction, POMs usually display a deep blue colour, culminating in 
a diminishment of the O-M charge-transfer bands and the formation of an intervalence 
charge-transfer band in the visible and near infrared region at ca. 700 nm. Upon one-electron 
reduction, it has been stipulated that the electron is localised at one metal ion, which is 
compatible with the single electron entering the metal orbitals that are involved in the O-M 
charge-transfer bands.
46,47
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Considering the aforementioned discussion, the incorporation of polyoxometalates 
such as Keggin ions to TiO2 promises to be extremely advantageous as Keggin ions typically 
possess high thermal stability,
48
 and are able to undergo stepwise multi-electron redox 
processes without structural changes.
45,49,50
 Additionally, Keggin ions can be readily reduced 
(electrolytically, photochemically or with suitable reducing agents) and the reduced form of a 
Keggin ion bound to a TiO2 surface can itself act as a reducing agent for metal ions
49
 to 
facilitate the decoration of metal nanoparticles directly onto the TiO2 surface. The process 
through which this occurs (e.g. using propan-2-ol as a sacrificial molecule) is depicted in 
Figure 5.4; in this diagram, M
+
 refers to the metal salt and M
0
 the metal nanoparticle. 
 
Figure 5.4: Schematic describing the process through which photoactive phosphotungstic 
acid is able to facilitate the formation of metal nanoparticles. Inspired by work conducted by 
Papaconstantinou et al.
44,47
 
 Moreover, a vast range of Keggin ions are now either commercially available or can 
be feasibly synthesised in laboratories, with applications in catalysis,
51,52
 analytical 
chemistry,
53
 electronics
54
 and medicine,
48
 which pose them as promising molecules 
employable in the synthesis of advanced functional nanomaterials.
49,55
  
 As early as sixty years ago researchers were employing photochemically reduced 
phosphotungstate ions to form metallic silver nanoparticles.
56
 From this, Papaconstantinou et 
al have demonstrated that exposure of photochemically-reduced silicontungstate acid 
([(SiW12O40)
4-
]) Keggin ions to aqueous metal ions resulted in the formation of a range of 
stable metal nanoparticles capped by the Keggin ions.
44
 A great deal of research has also been 
performed to determine the range of metal nanoparticles that can be formed by employing the 
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reduced state of several polyoxometalates as localised reducing agents.
45
 Furthermore, Sastry 
et al have utilised phosphotungstic acid (PTA) ([(PW12O40)
3-
]) Keggin ions bound onto the 
surface of Au nanoparticles as a highly localised reducing agent to form Au@Pt, Au@Pd and 
Au@Ag core@shell nanoparticles.
49,55
 
 Additionally, for catalysis applications, phosphotungstic acid (PTA) is particularly 
promising as it is considered the strongest among the heteropolyacids with an estimated 
acidity of the solid stronger than -13.16 (H0) meaning that PTA qualifies as a superacid and 
even at low pH, PTA will be fully dissociated.
44
 
 The concept demonstrated in this chapter has been presented through two 
nanoparticulate systems i.e. commercial anatase TiO2 nanoparticles and anodized TiO2 
nanotube arrays as shown in section 5.3 and 5.4 respectively. 
5.3 UV Switchable Keggin Ions sandwiched between TiO2 and metal 
nanoparticles for enhanced visible and solar light photocatalysis. 
5.3.1 Rationale 
Because the photoexcitable reducing nature and catalytic properties of Keggin ions are 
well established, in this study we demonstrate, for the first time, that PTA molecules bound to 
the TiO2 surface act as a highly localised UV-switchable reducing agent has been employed to 
reduce metal nanoparticles of Cu, Ag, Pt and Au specifically on the TiO2 surface by a 
photoirradiation approach. Notably, with PTA being utilised as a localised reducing agent, 
this approach specifically leads to metal-decorated TiO2 particles in an aqueous-solution 
based synthesis without any contamination from free metal nanoparticles in solution via 
independent nucleation. It is further demonstrated that the loading of Au nanoparticles onto a 
TiO2 surface can be feasibly fine-tuned by controlling the TiO2 surface charge through amine 
functionalization. The investigation of solar photocatalytic performance of TiO2-PTA-metal 
and TiO2-NH2-PTA-metal photococatalysts with different metal composition provides an 
interesting trend in their activity profile, which is found to be dependent on the nobility of the 
metal nanoparticles and the degree of metal loading. Based on the relative photochemical 
activity of the different nanocomposites, the plausible mechanism involved in the significant 
enhancement of solar photocatalytic performance of these materials has been proposed. 
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5.3.2 Experimental 
5.3.2.1 Materials 
Potassium tetrabromoaurate (KAuBr4∙2H2O), chloroplatinic acid (H2PtCl6∙2H2O), 
cupric chloride (CuCl2), and silver sulphate (Ag2SO4) were obtained from Sigma-Aldrich. 
Anatase titanium dioxide (TiO2) powder, 3-aminopropyltriethoxysilane (APTES) and propan-
2-ol (isopropanol) were obtained from BDH Chemicals, and 12-phosphotungsticacid hydrate 
(H3PW12O40•2H2O) was obtained from Scharlau Chemie. All chemicals were used as received 
without any modification. 
5.3.2.2 Amine modification of TiO2 
Anatase TiO2 powder (100 mg) was added to a solution containing 20 mL ethanol, 1 
mL ammonia (28%) and 4 mL APTES. The suspension was left overnight under mechanical 
stirring to prevent the TiO2 powder from settling. The suspension was then centrifuged, the 
supernatant was removed and the solid material was washed three times with deionized water 
(Milli-Q). The amine-modified TiO2 was dispersed in 25 mL of deionized water, stored for 
later use at room temperature and is designated as TiO2-NH2 in subsequent experiments. It 
should be noted however that the amine in TiO2-NH2 is in the protonated form (NH3
+
). 
5.3.2.3 PTA Functionalization of TiO2 and TiO2-NH2. 
In two parallel experiments, 100 mg of each TiO2 and TiO2-NH2 powders were 
separately immersed in 100 mL of a 10 mM PTA solution and left overnight under 
mechanical stirring. The solid products were centrifuged and washed three times with 
deionized water to facilitate the removal of uncoordinated PTA molecules. The composites 
were then dispersed in 25 mL of deionized water, which resulted in two products 
corresponding to TiO2-PTA and TiO2-NH2-PTA wherein PTA molecules were bound to the 
TiO2 surface either directly or through an amine linkage, respectively. 
5.3.2.4 Photochemical Deposition of Metal Nanoparticles onto TiO2-PTA and TiO2-NH2-
PTA 
The strong UV-switchable reduction capability of PTA molecules bound to TiO2 
particles was utilized for reduction of Cu
2+
, Ag
+
, [PtCl6]
2-
 and [AuBr4]
-
 ions onto the TiO2 
surface. In two sets of four parallel experiments in quartz tubes, 4 mL of TiO2-PTA (4 mg 
mL
-1
) solutions were each mixed with 1 mL of propan-2-ol, followed by purging with N2 gas 
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for 15 min, and photoexciting solutions under a UV lamp (λex 253 nm) for 2 h to allow TiO2-
bound PTA molecules to become reduced. To each of these four solutions, 5 mL of 1 mM 
CuCl2, Ag2SO4, H2PtCl6•2H2O or KAuBr4•2H2O was added, and allowed to mature for 2 h. 
After two hours, the suspensions were centrifuged at 3000 rpm to precipitate the TiO2-PTA-M 
composites. The resultant composites were resuspended in 25 mL of deionized water and 
stored at room temperature. In the second set of four experiments, TiO2-PTA was replaced 
with TiO2-NH2-PTA and the same experiment was performed. As a control experiment, 
pristine TiO2 and amine modified TiO2-NH2 were decorated with Au clusters through a 
similar process, in this case, the UV radiation employed causes propan-2-ol radicals to form 
which facilitate the reduction of the [AuBr4]
-
 ions to form metallic Au clusters which loosely 
adhere to the TiO2 surface. 
5.3.2.5 Photocatalytic Degradation of Congo Red Dye. 
 The photocatalytic ability of TiO2-based composites was studied by adding each 
composite material individually to an aqueous solution of the organic azo dye Congo red (CR) 
and recording the intensity of the characteristic absorption maxima after a period of 30 
minutes exposure to simulated solar light. To assess the photocatalytic performance, 
nanocomposites containing 12 mg equivalent of TiO2 were separately added to 10 mL 
aqueous solutions containing 10 μM Congo red. In a control experiment involving pristine 
PTA, the amount of PTA used during the photocatalysis experiments corresponds to the 
equivalent amount that was used to bind PTA to TiO2 and TiO2-NH2. It must be noted that not 
the entire amount of PTA used in the binding experiment ultimately binds to the TiO2 or 
TiO2-NH2 surface; therefore a significantly larger amount of PTA has been used in the control 
photocatalysis experiment. For photocatalysis measurements, an Abet technologies LS-150 
series 150W Xe arc lamp source that simulates solar light under equatorial conditions was 
used, with the samples placed in a quartz vial 10 cm from the source under mechanical 
stirring. After 30 minutes of irradiation, the samples were centrifuged to remove the 
composite material and the remaining solutions were examined by UV-visible spectroscopy. 
5.3.3 Decoration of the TiO2 surface with Cu, Ag, Pt and Au nanoparticles 
Illustrated in Scheme 5.1 is the simplified series of reactions employed for the 
synthesis of metal-decorated TiO2-PTA photo-co-catalytic nanocomposites. In the first step, 
commercial anatase TiO2 powder was functionalized with the PTA molecules [ (PW12O40
3-
)], 
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which resulted in the TiO2-PTA nanocomposite particles. This was followed in step 2 by 
exposing the TiO2-PTA nanocomposite to UV irradiation for two hours in the presence of 
propan-2-ol under a N2 environment. This facilitated the reduction of the UV-switchable 
PW12O40
3-
 ions bound onto the TiO2 surface to PW12O40
4-
, which is denoted as PTA* 
(activated or reduced PTA) in Scheme 5.1. At this stage, the solution turned from milky white 
to purplish-blue in colour, which is indicative of the reduced state of PTA.
49
 
 
Scheme 5.1: A schematic representation of the formation of the TiO2-PTA cocatalytic 
materials decorated with metal nanoparticles of Cu, Ag, Pt and Au. The colour change in the 
nanocomposite material is due to the SPR of the as-formed metal nanoparticles decorating 
the nanocomposite surface. 
In the next step (step 3), when suitable metal ions (Cu
2+
, Ag
+
, PtCl6
2-
 or AuBr4
-
) were 
introduced to the activated TiO2-PTA* composite and allowed to mature for two hours, the 
reduced PTA* bound to the surface of the TiO2 acted as a highly localized reducing agent to 
reduce metal salts into respective metal nanoparticles (Cu, Ag, Pt or Au) directly onto the 
TiO2 surface. This resulted in the solutions changing colour from purplish-blue to light pink 
in case of decoration with copper nanoparticles (TiO2-PTA-Cu), brownish-yellow for 
decoration with silver nanoparticles (TiO2-PTA-Ag), dark grey for decoration with platinum 
nanoparticles (TiO2-PTA-Pt), and pinkish-red for decoration with gold nanoparticles (TiO2-
PTA-Au). For conciseness the schematic does not detail the decoration of TiO2-NH2-PTA 
with metal nanoparticles, this process is assumed to be largely identical to the process 
employing TiO2-PTA. Notable however is the slight differences in the colour of the observed 
h
N2 / 2h
KAuBr4
2 h
H2PtCl6
2 h
TiO2 
TiO2-PTA TiO2-PTA* TiO2-PTA-Au
TiO2-PTA-Pt TiO2-PTA-AgTiO2-PTA-Cu
(1)
(2)
(3)
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composites. TiO2-NH2-PTA-Cu demonstrates a darker pink colour than its non-amine 
modified counterpart, TiO2-NH2-PTA-Ag is much browner than yellow and the TiO2-NH2-
PTA-Au composite is observed to be dark purple/red in colour. The TiO2-NH2-PTA-Pt 
composite is not observed to change colour, remaining dark grey. These changes in solution 
colours indicate that the reduced form of PTA is able to reduce metal salts to their 
nanoparticulate metal form onto the TiO2 surface and formation of metal nanoparticles is 
higher when TiO2-NH2-PTA is employed in comparison to TiO2-PTA. 
Also, the observed change in solutions colour is indicative of formation of respective 
metal nanoparticles by TiO2-PTA*, and simultaneous oxidation of PTA* back to PTA 
(demonstrated by the lack of bluish colour arising from PTA*). The reactions involved in the 
steps discussed in the Scheme 5.1 can be represented in the form of following equations: 
CHOCHOPWOHCHCHOPW h 23
4
4012223
3
4012 )()( 
 
  (1) 
In the above equation 1, the PW12O40
3-
 ion that corresponds to oxidized form of PTA 
molecules, becomes reduced to PTA* (PW12O40
4-
) on excitation with UV light, in the 
presence of a substrate, such as propan-2-ol. In the next step, when reduced PW12O40
4-
 ions 
are exposed to metal ions, reduction of metal ions into metal nanoparticles takes place, while 
PW12O40
4-
 ions oxidize back to PW12O40
3-
 ions, as represented in equations 2-5: 
03
4012
24
4012 22 CuOPWCuOPW 
     (2) 
03
4012
4
4012 AgOPWAgOPW 
      (3) 
  ClPtOPWPtClOPW 644 0
3
4012
2
6
4
4012
   (4) 
  ClAuOPWAuClOPW 433 0
3
40124
4
4012
   (5) 
5.3.4 Characterisation of the Cu, Ag, Pt and Au decorated TiO2-Keggin Ion 
composites 
Figure 5.5 shows the UV-visible absorbance spectra of various materials synthesized 
in this study, which were analyzed to monitor the formation of the TiO2-PTA-M and TiO2-
NH2-PTA-M nanocomposites (where ‘M’ corresponds to ‘metal’), that correspond well to the 
solutions colour as discussed above. The commercial anatase TiO2 (black curve) showed an 
absorbance maximum at ca. 325 nm which remained unchanged when modified with amine 
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functional groups, while the PTA molecules (red curve) displayed a sharp feature at ca. 263 
nm, which corroborates well with the literature and can be attributed to the absorption by the 
Keggin structure of PTA molecules.
49
 Binding of PTA to the TiO2 surface resulted in a blue 
shift of the absorbance characteristic of the Keggin structure of PTA to ca. 250 nm (blue 
curve), which is indicative of interaction between PTA molecules and the surface of the TiO2 
particles.
41,42
 Interestingly, the absorbance attributed to the Keggin structure of PTA in the 
TiO2-NH2-PTA (Figure 5.5B, blue curve) nanocomposite is much higher than that seen for 
the TiO2-PTA nanocomposite Figure 5.5A, blue curve) suggesting a larger amount of PTA 
molecules are bound to the TiO2-NH2-PTA surface.  
 
Figure 5.5: UV-visible absorbance spectra of the different (A) TiO2-PTA-M and (B) TiO2-
NH2-PTA-M nanocomposite systems prepared in this study, where M corresponds to Cu, Ag, 
Pt or Au. 
Further decoration of the TiO2 surface with different metal nanoparticles resulted in 
different spectral features, including an increased absorbance across the visible region of the 
spectra in comparison to the pristine TiO2 or TiO2-PTA nanocomposites. In these composites, 
since metal nanoparticles were decorated onto TiO2 surface, and were not available as free 
particles in the solution, the surface plasmon resonance (SPR) features of metal nanoparticles 
were observed only in the form of shoulder signatures. Nonetheless, the presence of these 
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SPR features is indicative of respective metal nanoparticle formation, which corroborates well 
with the literature.  
For instance, the TiO2-PTA-Cu and TiO2-NH2-PTA-Cu nanocomposites (green 
curves) display several small shoulders at ca. 485 nm, 560 nm, 640 nm and 690 nm that can 
be attributed to the formation of Cu nanoparticles.
57
 Similarly, the TiO2-PTA-Ag 
nanocomposite (navy blue curve) displayed a very broad spectrum with a shoulder at ca. 420 
nm, which corresponds well to the SPR feature of Ag nanoparticles,
50,58-60
 interestingly, the 
SPR in the TiO2-NH2-PTA-Ag nanocomposite is much broader and more pronounced, 
suggesting large aggregated clusters of Ag nanoparticles. As expected, the TiO2-PTA-Pt and 
TiO2-NH2-PTA-Pt nanocomposites (orange curves) did not display any prominent SPR 
feature predominantly because Pt nanoparticles are known not to show SPR signatures in the 
visible region.
50,60
 However, the TiO2-PTA-Au nanocomposite (brown curve) displayed a 
broad yet prominent SPR feature centred at ca. 550 nm which can be attributed to the 
formation of gold nanoparticles on the TiO2 surface.
50,61
 In the TiO2-NH2-PTA-Au 
nanocomposite, the SPR feature attributable to Au nanoparticles is observed to shift to ca. 600 
nm and broaden significantly, the broadness of the Au SPR feature in TiO2-NH2-PTA-Au 
composite may be potentially attributed to clustering of Au nanoparticles on the TiO2 surface. 
Since it is well-known that the position of the SPR features of metal nanoparticles is 
strongly dependent on the surrounding dielectric environment,
62
 the SPR shoulders seen in the 
nanocomposites are most likely strongly influenced by the local dielectric environment of the 
TiO2 particles, to which metal nanoparticles are tightly adhered. Moreover, absence of 
prominent SPR features in the aqueous solutions containing these nanocomposites also 
suggests that the generalized approach reported here to create TiO2-PTA-M nanocomposites 
does not result in free metal nanoparticles by independent nucleation in the aqueous solution. 
In fact a significant advantage of our proposed approach is that with PTA being a highly 
localized UV-switchable reducing agent, free metal nanoparticles are not formed in the 
solution which avoids contamination of the nanocomposites. 
Illustrated in Figure 5.6a is a TEM image of commercially-obtained anatase TiO2 
powder after its dispersion in water. TiO2 particles were found to be of quasi-spherical 
morphology and ca. 50-200 nm in diameter. 
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Figure 5.6: TEM micrographs of (a) TiO2, (b) TiO2-PTA-Cu, (c) TiO2-PTA-Ag, (d) TiO2-
PTA-Pt and, (e) TiO2-PTA-Au composites. Scale bars correspond to 200 nm. 
After modification with PTA, no change in TiO2 particle size or morphology was 
observed (data is not shown for brevity). However, the binding of PTA onto the TiO2 surface 
was confirmed using EDX analysis which displayed a characteristic energy line at 1.7 keV 
corresponding to W Mα (Figure 5.8). Introducing different metal salts to the TiO2-PTA* 
composite material results in the deposition of metal nanoparticles on the TiO2 surface as is 
displayed in Figure 5.6b-e for TiO2-PTA-Cu, TiO2-PTA-Ag, TiO2-PTA-Pt and TiO2-PTA-Au 
nanocomposites respectively. In each case, the metal nanoparticles decorating the TiO2 
surface were found to be well dispersed on the TiO2 surface in the form of quasi-spherical, ca. 
2-10 nm nanoparticles.  
 
Figure 5.7: TEM micrographs of (a) TiO2-NH2, (b) TiO2-NH2-PTA-Cu, (c) TiO2-NH2-PTA-
Ag, (d) TiO2-NH2-PTA-Pt and, (e) TiO2-NH2-PTA-Au composites. Scale bars correspond to 
200 nm. 
In stark contrast to those TEM images shown in Figure 5.6 for metal nanoparticle 
decoration on TiO2-PTA, TEM micrographs of amine modified TiO2-NH2-PTA decorated 
with metal nanoparticles displayed in Figure 5.7 demonstrate remarkably different 
morphology. Shown in Figure 5.7a, modification of the TiO2 surface with amine functional 
groups to form TiO2-NH2 has no effect on size or morphology. In each case (Figure 5.7b-e for 
TiO2-NH2-PTA-Cu, TiO2-NH2-PTA-Ag, TiO2-NH2-PTA-Pt and TiO2-NH2-PTA-Au 
respectively), the metal nanoparticles decorating the TiO2 surface were found to be large, 
irregular nanoparticles with ca. 20-40 nm diameters which tended to form large clusters on the 
TiO2 surface. The increase in size and number of metal nanoparticles decorating the TiO2 
surface may be attributed to an increase in the amount of PTA bound to TiO2 due to a large 
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difference in surface charge due to modification of the TiO2 surface with amine functional 
groups. 
Interestingly, EDX indicated significantly higher binding of PTA to TiO2-NH2 (Figure 
5.8B, curve c) in comparison with pristine TiO2 (Figure 5.8A, curve c), which is evident from 
Ti:W peak ratios in these two samples, wherein W peak is of significantly higher intensity in 
the former. This is expected because since pristine TiO2 surface is negatively charged due to 
the hydroxyl groups, the negatively-charged PTA molecules can bind to TiO2 surface only 
through non-specific interactions. Conversely, amine modification of TiO2 provides a 
positively charged surface,
63,64
 which facilitates the strong electrostatic binding of negatively 
charged PTA to TiO2-NH2. The positively charged surface of TiO2-NH2 was confirmed using 
zeta potential measurements (explained in section 2.14), which revealed a shift in the surface 
charge of pristine TiO2 particles from -20.3 mV to +6.7 mV after their amine 
functionalization. As stated previously it should also be noted that to avoid complicated 
nomenclature of composites, amine has been represented as NH2 throughout this work, which 
is in the protonated NH3
+
 form. 
  After PTA binding, both TiO2-PTA and TiO2-NH2-PTA composites were found to be 
negatively charged, as revealed from their zeta potential values of -18.1 mV and -16.6 mV 
respectively. The strong binding of PTA to TiO2-NH2 is further reflected from the comparison 
of the TEM images of TiO2-PTA-M (Figure 5.6) and TiO2-NH2-PTA-M (Figure 5.7), which 
show significantly higher loading of metal nanoparticles on amine-modified TiO2. Since more 
PTA is present in TiO2-NH2-PTA in comparison with that in TiO2-PTA, and since PTA acts 
as a highly localized reducing agent, a higher surface coverage of TiO2-NH2-PTA-M is 
resulted via more reduction of metal ions to metal nanoparticles onto the TiO2 surface. 
Furthermore, EDX analysis confirmed the presence of respective metals in 
corresponding nanocomposites, as is shown in Figure 5.8A and B. For instance, the TiO2-
PTA-Cu and TiO2-NH2-PTA-Cu nanocomposites displayed a characteristic energy line 
corresponding to Cu Lα at 0.93 keV, the TiO2-PTA-Ag and TiO2-NH2-PTA-Ag 
nanocomposites showed a characteristic energy line corresponding to Ag Lα at 3.35 keV, the 
TiO2-PTA-Pt and TiO2-NH2-PTA-Pt nanocomposites displayed a characteristic energy line 
corresponding to Pt Mα at 2.12 keV, and the TiO2-PTA-Au and TiO2-NH2-PTA-Au 
nanocomposites displayed a characteristic energy line corresponding to Au Mα at 2.29 keV, 
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which are in addition to the Ti Kα, Ti Kβ and O Kα from TiO2, and W Mα energy edge from 
PTA. 
 
Figure 5.8A: EDX spectra of (a) TiO2, (b) PTA, (c) TiO2-PTA, (d) TiO2-PTA-Cu, (e) TiO2-
PTA-Ag, (f) TiO2-PTA-Pt and (g) TiO2-PTA-Au.  
Figure 5.8B: EDX spectra of (a) TiO2-NH2, (b) PTA, (c) TiO2-NH2-PTA, (d) TiO2-NH2-PTA-
Cu, (e) TiO2-NH2-PTA-Ag, (f) TiO2-NH2-PTA-Pt and (g) TiO2-NH2-PTA-Au. In both figures, 
all the spectra, except that of pristine PTA, have been normalised against the Ti Kα line to 
allow the comparison between peak intensities. 
Notably, large area TEM scans of these TiO2-PTA-M and TiO2-NH2-PTA-M 
nanocomposites did not reveal the formation of any free metal nanoparticles, thus further 
affirming that PTA acts as a localized reducing agent on the surface of the TiO2 particles. 
Further information regarding the crystallinity of the nanocomposite materials was 
obtained using XRD (Figure 5.9). XRD patterns a and b in Figure 5.9A and B correlate to the 
pristine TiO2 powder (or amine modified TiO2-NH2) and PTA respectively, which show well-
defined diffraction peaks attributable to the anatase phase of TiO2 and pure PTA (TiO2 - 
JCPDS 01-070-6826, PTA – JCPDS 00-050-0662), modification with amine functional 
groups has no effect on the crystallinity of TiO2. Although PTA binding to the TiO2 surface 
(Figure 5.9A, pattern c) does not result in significant change in the intensity of diffraction 
peaks arising from the anatase TiO2, peaks attributable to PTA are observed to dramatically 
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reduce in intensity in the TiO2-PTA composite (with respect to pristine PTA). This is most 
likely due to PTA forming only a thin coating onto the TiO2 surface and thus the majority of 
the observed signals are due to the crystal phases of the anatase TiO2. While, in contrast, 
TiO2-NH2-PTA (Figure 5.9B, pattern c) still displays prominent peaks attributable to PTA 
further demonstrating the increased amount of PTA present in the amine modified composite. 
 
Figure 5.9A: XRD patterns of (a) TiO2, (b) PTA, (c) TiO2-PTA, (d) TiO2-PTA-Cu, (e), TiO2-
PTA-Ag, (f) TiO2-PTA-Pt and (g) TiO2-PTA-Au. 
Figure 5.9B: XRD patterns of (a) TiO2-NH2, (b) PTA, (c) TiO2-NH2-PTA, (d) TiO2-NH2-PTA-
Cu, (e), TiO2-NH2-PTA-Ag, (f) TiO2-NH2-PTA-Pt and (g) TiO2-NH2-PTA-Au. In both figures, 
peaks attributable to the corresponding metals are designated with special characters. 
Further decoration of metal nanoparticles onto the TiO2-PTA and TiO2-NH2-PTA 
nanocomposites results in a reduction in intensity of the peaks attributable to both anatase 
TiO2 and PTA, along with development of new peaks corresponding to the respective metal 
nanoparticles (Figure 5.9A and B, patterns d-g). In the case of the TiO2-PTA-Cu and TiO2-
NH2-PTA-Cu nanocomposites, two additional XRD peaks at ca. 43.1° and 50° 2θ (marked 
with @, pattern d) are clearly evident, which correspond to the [111] and [200] crystal planes 
of fcc copper (JCPDS – 01-070-3039). Similarly, the XRD pattern of the TiO2-PTA-Ag and 
TiO2-NH2-PTA-Ag nanocomposites revealed new diffraction peaks at 44.3° and 64.5° 2θ 
(marked with #, pattern e), which are attributable to the [200] and [220] planes of fcc silver 
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(JCPDS – 03-065-8428). Decoration with Pt nanoparticles in the TiO2-PTA-Pt and TiO2-NH2-
PTA-Pt nanocomposites also resulted in the appearance of additional XRD signatures at 44.9° 
and 65.5° 2θ (marked with ^, pattern f), which can be confidently assigned to the [200] and 
[220] planes of fcc platinum (JCPDS – 01-088-2343). Similar to the Ag system, the TiO2-
PTA-Au nanocomposites also showed additional diffraction peaks at 44.3° and 64.5° 2θ  
(marked with *, pattern g), which correspond to the [200] and [220] planes of fcc gold 
(JCPDS – 03-065-2870), while the TiO2-NH2-PTA-Au nanocomposite exhibited an additional 
peak at 77.5° 2θ which can be assigned to the [311] crystal plane of fcc gold.  
Notably, since metallic silver and gold have very similar lattice parameters, the XRD 
peak positions corresponding to them in the TiO2-PTA-Ag and TiO2-PTA-Au 
nanocomposites and their amine functionalised counterparts are observed at the same 2θ 
values. Additionally, it must be noted that the most intense diffraction peaks attributable to 
the [111] planes of silver, platinum and gold are expected between 38-39° 2θ, however due to 
the presence of strong diffraction features of anatase TiO2 at those angles, the [111] 
diffraction peaks of silver, platinum and gold have been masked by anatase TiO2 and are as 
such undiscernible. XRD analysis therefore clearly establishes formation of metal in the 
respective TiO2-PTA-M and TiO2-NH2-PTA-M nanocomposites. 
FTIR spectroscopy was employed to gather information regarding the mode of 
binding of PTA molecules to both the TiO2 surface as well as the metal nanoparticles (Figure 
5.10). It is well-known that the Keggin structure of PTA (H3PW12O40) consists of a cage of 
tungsten atoms linked by oxygen atoms with a phosphorus atom at the centre of the 
tetrahedra.
65,66
 Within the Keggin structure of PTA, oxygen atoms form four chemically 
distinct bonds (denoted as P-Oa, W-Ob-W, W-Oc-W and W=Od), which have characteristic 
infrared signatures.
65,66
  
P-Oa corresponds to an asymmetric stretching vibrational mode between phosphorus 
and oxygen atoms at the centre of the Keggin structure, giving rise to a characteristic 
signature at 1080 cm
-1
. W-Ob-O and W-Oc-W correspond to bending vibrational modes of 
oxygen atoms which form a bridge between the two tungsten atoms within the Keggin 
structure. Among these two, W-Ob-W represents the oxygen atoms at the corners of the 
Keggin structure while W-Oc-W represents the oxygen atoms along the edges, giving rise to 
characteristic vibrational modes at 890 cm
-1
 and 800 cm
-1
 for W-Ob-W and W-Oc-W 
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respectively. The fourth vibrational mode W=Od corresponds to asymmetric stretching of 
terminal double bonded oxygen atoms which is reflected at 980 cm
-1
.  
 
Figure 5.10A: FTIR spectra of (a) TiO2, (b) PTA, (c) TiO2-PTA, (d) TiO2-PTA-Cu, (e) TiO2-
PTA-Ag, (f) TiO2-PTA-Pt and (g) TiO2-PTA-Au. 
Figure 5.10B: FTIR spectra of (a) TiO2-NH2, (b) PTA, (c) TiO2-NH2-PTA, (d) TiO2-NH2-
PTA-Cu, (e) TiO2-NH2-PTA-Ag, (f) TiO2-NH2-PTA-Pt and (g) TiO2-NH2-PTA-Au. 
From the FTIR spectra, it can be seen that pristine TiO2 or TiO2-NH2 (curve a in 
Figure 5.10A and B respectively) possesses no significant features above 800 cm
-1
 whereas 
pristine PTA (Figure 5.10A and B, curve b) shows four characteristic bands attributable to P-
Oa, W=Od, W-Ob-W and W-Oc-W vibrational modes at 1080 cm
-1
, 980 cm
-1
, 890 cm
-1
 and 
800 cm
-1
 respectively. As these four vibrational modes can be clearly discerned, shifts in the 
vibrational modes of the oxygen atoms can be easily followed and an understanding of how 
PTA binds to both the TiO2 surface and metal nanoparticles can be achieved through FTIR 
analysis. When PTA is bound to the TiO2 surface (Figure 5.10A and B, curve c, TiO2-PTA 
and TiO2-NH2-PTA respectively), a shift in the characteristic vibrational mode of the W-Ob-
W bending vibrations is observed from 890 cm
-1
 to ca. 905 cm
-1
. This significant shift of ca. 
15 cm
-1
 in W-Ob-W bending vibration alongside no detectable shifts in other vibrational 
modes of PTA clearly indicates that PTA binds strongly to the TiO2 surface through the 
oxygen atoms at the corners of the Keggin structure. Amine-modified TiO2 shows similar 
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behaviour towards PTA binding to that observed for pristine TiO2, indicating that PTA may 
also bind to the NH2 functional groups through oxygen atoms at the corners of the Keggin 
structure. 
Upon reduction of metal nanoparticles of Cu, Ag, Pt or Au onto the TiO2-PTA and 
TiO2-NH2-PTA surface (Figure 5.10A and B, curves d-g, respectively), a further blue shift of 
ca. 15 cm
-1
 from 980 cm
-1
 to ca. 995 cm
-1
 in the asymmetric stretching vibrational mode of the 
terminal oxygen atoms W=Od is observed. This shift in the W=Od mode does not follow 
concomitant shifts in any other vibrational mode, suggesting that the Keggin structure of PTA 
strongly associates with metal nanoparticles through the terminal oxygen atoms. The 
significantly large shifts observed in W-Ob-W and W=Od vibrational modes during synthesis 
of the TiO2-PTA-M and TiO2-NH2-PTA-M nanocomposites also indicate that PTA molecules 
are sandwiched quite strongly between TiO2 and metal nanoparticles in the nanocomposites 
reported here. Therefore, the TiO2-PTA-M and TiO2-NH2-PTA-M nanocomposites prepared 
using the localized reduction approach may be employed for solution-based photocatalysis 
reactions, without causing potential significant leaching of TiO2-bound PTA or metal 
nanoparticles during application. 
5.3.5 Photocatalytic degradation of the Organic Dye Congo Red. 
As previously discussed, TiO2 is probably one of the most investigated materials for 
its photocatalytic properties. However, it is also well-known that in majority of the wide band 
gap semiconductor materials including TiO2, a major rate-limiting factor determining their 
photocatalytic performance is the undesirable process of electron/hole recombination.
67
 In this 
process, as electrons are promoted from the valance band across the band gap into the 
conduction band, there exists a very large driving force to recombine the electron and the 
newly generated hole.
67
 
By controllably depositing metal nanoparticles onto the surface of TiO2 particle, a 
Schottky barrier can be created at the metal-semiconductor junction,
68
 which is due to the 
difference in the Fermi level positions of the metal and the semiconductor.
69
 In such metal-
metal oxide systems, during photoexcitation with UV radiation, electrons can migrate from 
the semiconductor to the metal across the Schottky barrier, where they are trapped and the 
electron/hole recombination phenomena is suppressed, whereby the hole is then free to diffuse 
through TiO2 to the surface where it can be used to oxidize organic species.
67
 Therefore, metal 
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nanoparticles deposited on TiO2 surface can play an important role in catalysing an interfacial 
charge-transfer process,
70,71
 which may result in significant improvement in the 
photochemical performance of the material, as has been demonstrated previously.
69,72 
 
Additionally, if a redox molecule with outstanding electron transfer ability (e.g. PTA) 
can be sandwiched between the TiO2 surface and metal nanoparticles, this can potentially 
further block the charge recombination process either completely or at least to a very large 
extent.
72
 As is illustrated Scheme 5.2, in this scenario, two phenomena can happen in parallel 
on excitation of the TiO2-PTA-M and TiO2-NH2-PTA-M nanocomposites with UV light – (i) 
photon-mediated separation of holes and electrons within TiO2, and (ii) UV-mediated 
reduction of PTA molecules sandwiched between the TiO2 surface and metal nanoparticles. 
 
Scheme 5.2: A schematic representation of a proposed mechanism involved in enhancing the 
photoactivity of TiO2-PTA-Metal nanocomposites. CR and CRox correspond to Congo red dye 
before and after its oxidation, respectively, in the presence of the nanocomposite 
photococatalyst. While VB and CB correspond to valence band and conduction band of TiO2, 
respectively, hν represents the incident photon. 
Since PTA is an outstanding UV-switchable electron transfer molecule, the reduced 
form of PTA (i.e. PTA*) will be highly prone to accept electrons from the surrounding 
environment, and therefore electrons can easily migrate from TiO2 to PTA* molecules. 
However, since reduced PTA* can accept only a finite number of electrons to become 
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completely oxidized, the metal nanoparticles at the other end of the PTA molecules will act as 
an electron sink, and the electrons transferred from TiO2 to PTA* will readily transfer from 
PTA to the metal nanoparticles.  
 Due to the strong redox capability of PTA molecules, the PTA molecules sandwiched 
between TiO2 and metal nanoparticles will be continuously regenerated during the process. 
This will enable a continuous supply of holes at the TiO2 surface, and electrons at the Au 
nanoparticle surface, which can independently participate in a TiO2-PTA-M mediated 
photococatalysis reaction. 
Notably, the photoelectrons in this new class of photococatalyst can have a relatively 
long lifetime, which can significantly enhance the overall photocatalytic performance of the 
system. Moreover, since metal nanoparticles act as electron sinks in these composites, the 
photocatalytic performance of the composite should in principle be tunable based on the 
composition of metal nanoparticle used in the nanocomposite, wherein decoration with a more 
noble metal nanoparticle system should demonstrate a better photocatalytic performance. 
Since in our current study, PTA has been used as an intermediate layer between TiO2 
and Au nanoparticles, and PTA molecules are well known for their outstanding electron 
transfer ability,
49
 we investigated the photocatalytic performance of our materials towards 
degradation of an organic material, the azo dye Congo red (CR) in the presence of simulated 
solar spectrum for 30 min. Being an organic dye, the CR degradation during photoexcitation 
in the presence of nanocomposites could be easily followed using UV-vis spectroscopy 
(Figure 5.11).  
Since CR displays strong absorption in the range 200-600 nm, one may speculate that 
CR is degraded by direct light absorption or dye-sensitization pathways.
73
 As can be seen in 
Figure 5.11, 30 min exposure of CR to simulated solar light in the absence of any 
photocatalyst resulted in ca. 7% photodegradation of CR (as determined by the reduction in 
intensity of A500 of CR). As expected, the introduction of a commercially available Degussa 
P25 anatase TiO2 catalyst resulted in an increase in photodegradation of CR to ca. 20%, 
indicating that pristine TiO2 was photoactive towards facilitating degradation of CR, 
modification with amine functional groups was not observed to have an effect on the 
photocatalytic activity of the TiO2-NH2 composite, providing a similar ca. 20% degradation to 
unmodified TiO2. 
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Figure 5.11: (A) UV-visible absorbance spectra of the organic dye Congo red (CR) upon 
exposure to different TiO2-PTA-M photocatalysts for 30 min under simulated solar light 
conditions, (B) UV-visible absorbance spectra of the organic dye Congo red (CR) upon 
exposure to different TiO2-NH2-PTA-M photocatalysts for 30 min under simulated solar light 
conditions and(C) % photodegradation of CR expressed as reduction in the intensity of A500. 
Control in (B) represents the % photodegradation of CR in the absence of any photocatalyst, 
but in the presence of simulated solar light for 30 min. 
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Notably, PTA is also known for its photocatalytic activity,
23
 in addition to its 
outstanding electron transfer ability, and exposure of CR to pristine PTA resulted in ca. 22% 
photodegradation of CR. Conversely, after forming a composite with TiO2, the photocatalytic 
activity of the TiO2-PTA material increased to ca. 32%, which can be attributed to their 
cocatalytic activity due to the presence of both the TiO2 particles and the PTA molecules, the 
photocatalytic activity was further observed to increase to ca. 37% for TiO2-NH2-PTA, an 
increase that can be attributed to an increase amount of PTA bound to the TiO2 surface. 
Notably, when metal nanoparticles were introduced to the TiO2-PTA and TiO2-NH2-PTA 
nanocomposite materials, the photocatalytic performance of the nanocomposites increased 
dramatically. In terms of the order of increasing photocatalytic activity, the TiO2-NH2-PTA-
Cu nanocomposite was the least photoactive, resulting in ca. 52% degradation while the TiO2-
PTA-Cu composite caused ca. 58% photodegradation of CR. The photocatalytic activity then 
increased to ca. 63% and ca. 68% for the TiO2-NH2-PTA-Ag and TiO2-NH2-PTA-Pt 
nanocomposites respectively, the photocatalytic activity further increased to ca. 71% 
degradation through the TiO2-PTA-Ag nanocomposite. The highest photocatalytic 
degradation by an amine modified nanocomposite was ca. 77% for TiO2-NH2-PTA-Au with a 
further increase in photoactivity to ca. 79% by the TiO2-PTA-Pt composite, and the highest 
being 86% photodegradation of CR on its exposure to the TiO2-PTA-Au composite for 30 
min under simulated solar light conditions.  
It is interesting to note that the increase in the photocatalytic activity of the 
nanocomposites seems to follow the trend of increasing nobility of the metal employed. It is 
also of note that in each case, the TiO2-PTA-M nanocomposite displayed better photocatalytic 
activity than its amine modified TiO2-NH2-PTA-M counterpart. From TEM, EDX and XRD 
analysis, it is clearly evident that the number and size of metal nanoparticles decorating the 
amine-modified TiO2 surface is significantly larger than that of the unmodified surface. The 
reduced photoactivity of TiO2-NH2-PTA-M may be partially attributable to relatively higher 
metal loading in this system, which might decrease the total effective TiO2 surface area during 
photocatalytic degradation of CR.  
Since redox activity of metal nanoparticles by readily accepting electrons from a 
suitable donor (TiO2) can be size-dependent, it is also likely that the presence of relatively 
larger clustered metal nanoparticles in the TiO2-NH2-PTA-M nanocomposites may reduce 
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their photoactivity compared to the TiO2-PTA-M nanocomposite, the latter of which showed 
well-segregated, smaller metal nanoparticles.  
Additional control experiments were performed to ascertain that TiO2-PTA-Au and 
TiO2-NH2-PTA-Au nanocomposites indeed act as co-catalysts (the Au decorated composites 
were chosen as they demonstrated the highest photoactivity and any such changes are more 
easily discernable), wherein TiO2, PTA and Au, play some role in enhancing photocatalytic 
activity. In these control experiments, Au nanoparticles were directly photo-deposited onto 
pristine and amine-modified titania without utilizing PTA as the intermediate layer, thereby 
leading to TiO2-Au and TiO2-NH2-Au composites, respectively, as is shown in Figure 5.12 
 
Figure 5.12: TEM micrographs of (a) TiO2-Au and (b) TiO2-NH2-Au. Scale bars correspond 
to 100 nm. 
Small, quasi-spherical Au nanoparticles are observed to deposit onto the surface of the 
TiO2 particles, which are similar to those observed for the TiO2-PTA-Au composite. 
However, it must be noted that the TiO2-NH2-Au composite (panel b) displays almost 
identical morphology to that of the TiO2-Au composite (panel a), unlike the amine-modified 
composite containing PTA (TiO2-NH2-PTA-Au Figure 5.7e), which resulted in much higher 
surface coverage of aggregated Au nanoparticles. 
In comparison to composites which had all the three components (TiO2, PTA, and Au 
– 77-86% activity), the composites without PTA (TiO2-Au and TiO2-NH2-Au) showed only 
51-54% photocatalytic activity (displayed in Figure 5.13). These experiments clearly show 
that the presence of PTA as a photoactive linker molecule can have significant influence in 
increasing the overall photocatalytic ability of TiO2-based systems.  
Since the TiO2-PTA-M nanocomposites demonstrated significant activity towards 
degradation of CR (more so than the TiO2-NH2-PTA-M composites)  under simulated solar 
light conditions, to validate whether this new class of photococatalysts were visible light 
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active and whether they can be used as reusable photocatalysts for multiple cycles, the 
photoactivity of these materials towards degradation of CR under UV (253 nm) and visible 
light (575 nm) was compared (Figure 5.14).  
 
Figure 5.13: (a) UV-visible spectra and (b) photodegradation percentage of Congo red dye 
after 30 min exposure to simulated solar light in the presence of different photocatalysts. 
Particularly notable is the difference in activity of photocatalysts which contain PTA, and the 
ones which do not contain PTA. 
As expected, all the TiO2-PTA-M nanocomposites showed significant photoactivity 
towards CR degradation on excitation with UV light for 15 min (Figure 5.14A). However, the 
TiO2-PTA-Pt catalyst was found to be more active than TiO2-PTA-Au under UV light (Figure 
5.14A), which is different from our observation under simulated solar light (Figure 5.11B), 
wherein TiO2-PTA-Au catalyst was found to be the most active. 
It must be noted that the light source employed in this case was far stronger than the 
simulated solar spectrum previously employed and as such after irradiation with UV light 
(253 nm) for 30 minutes, 100% degradation was observed and was therefore uncomparable. 
Interestingly and to our excitement, all the TiO2-PTA-M nanocomposites also showed 
significant photoactivity towards CR degradation in the presence of visible light for 30 min 
(Figure 5.14B), which indicates that the nanocomposite photococatalysts reported in this 
study are visible light active materials. 
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Figure 5.14: Percentage photodegradation of CR expressed as reduction in the intensity of 
A500 on its exposure to different photocatalysts in the presence of (A) 253 nm UV light for 15 
min and (B) 575 nm visible light for 30 min. Five bars within each labelled catalyst indicate 
activity of photocatalysts during reusability of catalyst for up to 5 cycles. 
However, it should be noted that the photoactivity of TiO2-PTA-M nanocomposites is 
significantly lower under visible light (30 min) in comparison with that under UV light (15 
min). It is even more interesting to note that under visible light conditions, TiO2-PTA-Au 
catalyst was found to be the most active (Figure 5.14B), which was also the case under solar 
light conditions (Figure 5.11B), but not the case under UV light excitation (Figure 5.14A). It 
is possible that the higher photoactivity of TiO2-PTA-Au than that of TiO2-PTA-Pt under 
visible light conditions might be due to higher SPR absorbance of Au nanoparticles than that 
of Pt nanoparticles under visible light. This aspect will however require further detailed 
investigation.  
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To validate whether observed photocatalytic activity of TiO2-PTA-M composites was 
due to inherent photocatalytic nature of the composites, or it was potentially due to the non-
specific adsorption of CR molecules onto catalyst surface, we investigated the reusability of 
different TiO2-PTA-M composites towards photodegradation of CR for up to 5 cycles (Figure 
5.14). The reusability studies show that although some activity is lost over 5 cycles, the TiO2-
PTA-M composites remain significantly more active than pristine TiO2 even after reuse over 
multiple cycles. This loss in photoactivity over multiple cycles might be due to some 
uncontrollable loss in catalyst recovery by centrifugation after each cycle. This further 
supports the significantly high photoactivity of the TiO2-PTA-M and TiO2-NH2-PTA-M 
composites reported here.  
Moreover, no significant difference in the CR dye adsorption capacity of pristine TiO2 
and TiO2-PTA was observed, thus reaffirming the superior photocatalytic performance of 
TiO2-PTA-M composites over pristine TiO2 particles (Figure 5.15). The spectra represent the 
fraction of dye, which was unbound to TiO2 and TiO2-PTA particles after incubation in the 
absence of light. Insignificant differences in the absorbance curves within a particular dye 
concentration range indicates that there was not much difference in the amount of CR dye 
bound onto TiO2 and TiO2-PTA particles (at least within the detection capabilities of a UV-
vis spectroscopy technique). 
 
Figure 5.15: UV-visible absorbance spectra demonstrating the relative adsorption of Congo 
red (CR) dye molecules onto TiO2 and TiO2-PTA surfaces after their incubation with different 
concentrations of CR in the absence of light for 1 hour. 
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Additionally to provide further evidence for the photocatalytic ability of the 
synthesised TiO2-PTA-M and TiO2-NH2-PTA-M nanocomposites, another organic azo dye 
methyl red (MR) was treated with different nanocomposite photocatalysts under UV and 
visible light conditions, which showed similar patterns of photodegradation behaviour, as was 
observed for CR (Figure 5.16). This suggests that TiO2-PTA-M and TiO2-NH2-PTA-M 
nanocomposites can be employed for efficient photodegradation of a range of organic dyes 
and other organic pollutants. 
 
Figure 5.16: Percentage photodegradation of methyl red (MR) dye expressed as reduction in 
its absorbance between 250-800 nm wavelength region on exposure of MR to different 
photocatalysts in the presence of (a) 253 nm UV light for 15 min and (b) 575 nm visible light 
for 30 min. Five bars within each labelled catalyst indicate activity of photocatalysts during 
reusability of catalyst for up to 5 cycles. 
5.3.6 Conclusion 
This work demonstrates a generalized approach towards creating a new class of smart 
TiO2-based photococatalyst systems, which employs the Keggin ion, 12-phosphotungstic acid 
(PTA) as a multifunctional linker molecule with demonstrated capabilities towards acting as a 
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photocatalyst, as an efficient electron transfer molecule to suppress charge recombination, and 
as a UV-switchable reducing agent to decorate a range of metal nanoparticles onto a TiO2 
surface. The study shows that presence of a sandwiched PTA layer between the TiO2 surface 
and metal nanoparticles can significantly improve the visible and solar light photoactivity of 
the TiO2-based systems. The study not only shows that presence of a sandwiched PTA layer 
between the TiO2 surface and metal nanoparticles can significantly improve the photoactivity 
of the TiO2-based systems, but also the plausible mechanism involved in improving the 
photocatalytic performance of these materials has been proposed. The generalized approach 
proposed here is likely to be equally extendable to other similar systems, wherein other metals 
and metal alloys, as well as a range of other Keggin type polyoxometallates and other charge 
transfer molecules can be employed to fine tune the photocatalytic and solar cell performance 
of such systems. The choice of an appropriate metal-decorated TiO2-PTA photococatalytic 
system can be particularly important for industrial photocatalysis applications considering the 
significant difference in the cost of different noble metals. The metal-decorated TiO2-PTA 
nanocomposites reported in this study are expected to have wide-ranging potential 
implications towards the degradation of organic molecules and pollutants, as well as in solar 
cell applications. 
5.4 Metal Cluster Decorated Titania Nanotube-Keggin Ion 
Photococatalyst Composites for Solar Light Photocatalysis 
5.4.1 A short introduction to TiO2 Nanotubes 
With respect to TiO2 nanoparticles, TiO2 nanotubes have been demonstrated to 
possess greatly enhanced specific surface area which is believed to greatly increase the 
photocatalytic ability of the material due to a specific increase in the number of reaction 
sites.
74
 Up until recently there have been several routes to synthesise TiO2 nanotubes 
including, layer-by-layer,
75
 atomic deposition,
76
 chemical vapour deposition,
77
 hydro-thermal 
reaction
78
 and electrochemical anodization.
79
 Of these techniques, electrochemical 
anodization provides a convenient and easily reproducible method for the synthesis of TiO2 
nanotubes.
79
 TiO2 nanotubes decorated with Pt,
80-82
 Ag and Au,
83,84
 NiO,
85
 CdS,
86
 WO3,
87
 and 
Ir/Co
88
 for the enhancement of photocatalytic activity have previously been explored. 
However, as yet no exploration has been performed using PTA as a photocatalytically active 
linker molecule between the TiO2 nanotubes and the deposited metal nanoparticles to form a 
photococatalytic system. 
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5.4.2 Rationale 
By employing nanotubes of TiO2 in lieu of TiO2 particles in a TiO2 nanotube-Keggin 
ion photococatalytic system, it is envisaged that due to the higher specific surface area of the 
TiO2 nanotubes the photocatalytic activity of the metal decorated composites can be greatly 
increased. Also, by employing TiO2 nanotube arrays, an easily recoverable substrate becomes 
available leading to the potential of these metal decorated TiO2 Nanotube-Keggin Ion 
photococatalysts to be reusable, thus greatly reducing the cost of employing this type of 
photocatalytic material.  
5.4.3 Experimental 
5.4.3.1 Materials 
Titanium foil (99.5% purity), ammonium fluroide (NH4F), potassium 
tetrabromoaurate (KAuBr4 ∙ 3H2O), chloroplatinic acid (H2PtCl6 ∙ 2H2O), cupric chloride 
(CuCl2), silver sulphate (Ag2SO4) were obtained from Sigma Aldrich, 12-phosphotungstic 
acid hydrate (H3PW12O40 ∙ 3H2O) was obtained from Scharlau Chemie and propan-2-ol 
(Isopropanol) was obtained from BDH Chemicals. All chemicals were used as received 
without further modification. 
5.4.3.2 Formation of TiO2 Nanotubes 
TiO2 nanotubes were produced by electrochemical anodization of titanium foil in a 
conventional anode (target sample) – cathode (platinum plate) system at room temperature.79 
The electrolyte solution was composed of 0.5% (wt/v) NH4F in ethylene glycol with the 
addition of 3% (v/v) deionised H2O and the anodization voltage was kept constant at 60 V. 
Upon the completion of anodization, samples were washed using acetone and isopropanol, 
and dried under N2. Anatase TiO2 was obtained by annealing the anodized samples in a 
standard laboratory furnace at 450 °C for 60 minutes, in ambient air, with a ramp up and ramp 
down rate of 2 °C min
-1
. 
5.4.3.3 PTA Functionalization of TiO2 Nanotubes 
Four 5 mm x 5 mm squares of TiO2 nanotube arrays on Ti foil were cut from the bulk 
electrochemically anodised film and immersed overnight in a solution containing 10mL 1x10
-
2
 M phosphotungstic acid (PTA). The films were then removed from the PTA solution and 
washed three times with deionised water to remove any unbound PTA molecules. In further 
experiments, these samples are referred to as TiO2-PTA nanotubes. 
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5.4.3.4 Photochemical deposition of metal nanoparticles onto TiO2 Nanotube arrays 
To decorate the modified nanotubes with metal nanoparticles the ability of PTA to act 
as a UV-switchable reducing agent is exploited. In a typical experiment, four 5 mm x 5 mm 
squares of PTA modified nanotubes were placed in separate quartz tubes and immersed in 
1mL of isopropanol and 4 mL of deionised water before purging with N2 gas for 15 min and 
photoexciting the solution for 2 hours under a UV lamp (λex 253 nm) to allow TiO2 nanotube 
bound PTA molecules to become reduced. 9 mL of 1 x 10
-5
 M of an appropriate metal salt 
(KAuBr4, Ag2SO4 H2PtCl6 or CuCl2) was then added to the reduced TiO2-PTA nanotubes and 
allowed to mature for two hours. Upon maturation for two hours, the films were removed 
from solution and washed three times with MilliQ water. The metal-decorated nanotube 
samples prepared using this approach have been referred to as TiO2-PTA-Au, TiO2-PTA-Ag, 
TiO2-PTA-Pt and TiO2-PTA-Cu nanotubes respectively. The experiment was performed 
simultaneously for all four metal salts to ensure the reaction conditions were as similar as 
possible. 
5.4.3.5 Photocatalytic Degradation of Congo Red dye 
The photocatalytic ability of the composites was observed by immersing a 5 mm x 5 
mm square of metal decorated nanotubes in a solution of the organic dye Congo Red (CR) (5 
mL, 5x10
-5 
M) and recording the intensity of the characteristic absorption maxima after a 
period of 30minutes exposure to simulated solar light. The photocatalytic ability of TiO2 and 
TiO2-PTA nanotubes were also observed to provide comparison. An Abet Technologies LS-
150 Series 150 W Xe Arc Lamp Source was used with the sample placed in a quartz vial at 
the focal point; 10 cm from the source with slow mechanical stirring to promote mixing of the 
solution. After 30 minutes of irradiation, the composite was removed and the remaining 
solution was examined by UV-Visible spectroscopy. To examine the reusability of the 
composites the TiO2-PTA-Au nanotube sample was cycled repeatedly, washing with 
deionised water and drying with N2 between each cycle. 
5.4.4 Decoration of the Nanotube array with Metal Nanoparticles 
Scheme 5.3 describes the series of reactions that were undertaken to facilitate the 
decoration of TiO2-PTA nanotube co-catalytic composites with nanoparticles of copper, 
silver, platinum or gold. Step (1) involves the functionalization of TiO2 nanotubes formed 
through an electrochemical anodization process with the heteropolyacid Keggin ion 
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phosphotungstic acid ([(PW12O40)
3-
]), this process results in the formation of a TiO2-PTA 
nanotube composite material.  
 
Scheme 5.3: A schematic representation of the formation of TiO2-PTA nanotube co-catalytic 
materials decorated with noble metal nanoparticles of copper, silver, platinum and gold. The 
colour change in the composite material is notably due to the surface plasmon resonance of 
the as formed noble metal nanoparticles decorating the composite surface. 
Proceeding to step 2, the functionalised TiO2-PTA nanotube composite is exposed to 
UV radiation in the presence of isopropanol and a nitrogen atmosphere for a period of two 
hours, after irradiation, the TiO2-PTA composite appears to have a slightly blue tinge 
indicating the reduction of the PTA molecules bound to the nanotube surface to become 
[(PW12O40)
4-
] which is denoted as PTA* in Scheme 5.3. Finally, step 3 is split into four 
independent processes whereby noble metal salts of CuCl2, Ag2SO4, H2PtCl6 or KAuBr4 are 
introduced to the TiO2-PTA* nanotube composites to facilitate the decoration of the 
composites with the respective noble metal nanoparticles. After introduction of the metal salt, 
the solution is allowed to mature for two hours where the reduced state of the surface bound 
PTA (PTA*) acts as a highly localised reducing agent to reduce the metal salt to metal 
nanoparticles directly onto the nanotube surface.  
5.4.5 Characterisation of the Metal Nanoparticle-decorated TiO2 Nanotube Arrays 
Displayed in Figure 5.17 are top down and profile scanning electron microscopy 
images (SEM) of the as synthesised TiO2 nanotubes. The synthesised nanotubes are ca. 5 μm 
in length, with quasi-spherical openings of ca. 100 nm diameters; the walls of the nanotubes 
are well defined with a thickness of ca. 10 nm. It must be noted that as the TiO2 nanotubes are 
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grown out of a piece of Ti foil, the synthesised nanotubes are capped at one end; this has 
significant ramifications for nanoparticle decoration and will be discussed later. Modification 
of the nanotube surface with PTA has little notable effect on the morphology of the 
nanotubes. Confirmation of PTA modification of the TiO2 nanotube surface was achieved by 
performing EDX analysis (Figure 5.18) which showed a distinct energy signature at 1.7 keV 
which corresponds to the W Mα line. 
 
Figure 5.17: SEM Images of as synthesised TiO2 Nanotubes 
 
Figure 5.18A: EDX analysis of the synthesised TiO2-PTA-Metal composites (a) Ti/TixO foil, 
(b) TiO2 nanotubes, (c) TiO2-PTA, (d) TiO2-PTA-Cu, (e) TiO2-PTA-Ag, (f) TiO2-PTA-Pt and 
(g) TiO2-PTA-Au nanotubes. 
Figure 5.18B: EDX analysis of the synthesised TiO2-NH2-PTA-Metal composites (a) TiO2-
NH2 nanotubes, (b) PTA, (c) TiO2-NH2-PTA, (d) TiO2- NH2-PTA-Cu, (e) TiO2-NH2-PTA-Ag, 
(f) TiO2-NH2-PTA-Pt and (g) TiO2-NH2-PTA-Au nanotubes. In both figures, all spectra, 
except that of pure PTA, are normalised against the Ti Kα line to provide comparison. 
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Decoration of the TiO2 nanotubes with noble metal nanoparticles is described by SEM 
images in Figure 5.19. Figure 5.19a shows images of TiO2 nanotubes decorated with copper 
nanoparticles (TiO2-PTA-Cu), the particles appear to be small, 3-5 nm in diameter and quasi-
spherical in shape that are well dispersed and deposited on the outside and around the opening 
of the nanotubes. 
Decoration with silver nanoparticles (TiO2-PTA-Ag) is shown by Figure 5.19b which 
depicts the deposition of a large number of 10-20 nm nanoparticles once again deposited onto 
the outer walls and around the openings of the nanotubes, decoration with platinum 
nanoparticles (TiO2-PTA-Pt), as shown in Figure 5.19c, produced results similar to those for 
silver nanoparticles, in which a large number of 10-20 nm nanoparticles were observed 
deposited onto the outside and around the rim of the nanotubes. 
Lastly, decoration with gold nanoparticles (TiO2-PTA-Au), as shown in Figure 5.19d, 
resulted in the deposition of large 20-30 nm nanoparticles predominantly around the openings 
but also found decorating the sides of the nanotubes.  
 
Figure 5.19: SEM Images of (a) TiO2-PTA-Cu, (b) TiO2-PTA-Ag, (c) TiO2-PTA-Pt, and (d) 
TiO2-PTA-Au nanotubes. 
Interestingly, it was observed that with all four metals no metal nanoparticles were 
deposited inside the nanotubes themselves, which is predominantly due to the capping of the 
  
 
152 
nanotubes at one end caused by the method of synthesis. As the nanotubes are capped there 
exists a pocket of air within the nanotube which is difficult for a solution to dislodge, as a 
result, no metal salt (and likely no PTA) can enter the nanotubes a significant distance and as 
a result, no metal nanoparticle decoration can take place within the nanotubes. 
In contrast to metal nanoparticle decoration observed on TiO2-PTA nanotubes without 
amine modification which demonstrated individual dispersed nanoparticles decorating the top 
surfaces and openings of the nanotubes.  
 
Figure 5.20: SEM Images of (a) TiO2-NH2-PTA-Cu, (b) TiO2-NH2-PTA-Ag, (c) TiO2-NH2-
PTA-Pt, and (d) TiO2-NH2-PTA-Au nanotubes. 
Figure 5.20 describes the dense covering of agglomerated nanoparticles that were 
observed for deposition of all four metals onto amine modified TiO2-NH2-PTA nanotubes. 
Decoration with Cu (TiO2-NH2-PTA-Cu, Figure 5.20a), Ag (TiO2-NH2-PTA-Ag, Figure 
5.20b), Pt (TiO2-NH2-PTA-Pt, Figure 5.20c) and Au (TiO2-NH2-PTA-Au, Figure 5.20d) all 
demonstrate large irregular clusters of metal nanoparticles which effectively close off many of 
the nanotube openings. Higher metal deposition observed on amine modified TiO2 nanotubes 
is similar to that observed for TiO2 nanoparticles, as was explained previously in section 
5.3.4, Figure 5.7. 
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Further, EDX analysis (Figure 5.18) was employed to confirm the presence of each 
noble metal in the respective composites as well as to semi-quantatively assess the elemental 
composition of composites to determine the degree of metal nanoparticle loading (% w/w) 
onto TiO2 nanotubes. By observing the area under the W Mα energy lines in the EDX 
spectrum relative to an internal standard, semi-quantitative analysis was performed on 
multiple sample areas and averaged using an in-built EDX software suite. Based on EDX 
analysis, it was determined that 6% W was present in the TiO2-PTA composite, compared 
with 9% W observed in the TiO2-NH2-PTA composite, noteworthy was an observed reduction 
in the intensity of the W Mα attributed to PTA in each of the nanotube samples decorated 
with metal nanoparticles. In each respective sample a characteristic energy line is observed 
for the respective metal nanoparticle. TiO2-PTA-Cu (Figure 5.19a and Figure 5.18A, curve d) 
and TiO2-NH2-PTA-Cu (Figure Figure 5.20a and Figure 5.18B, curve d) display an energy 
signature at 0.93 keV corresponding to the Cu Lα line where 5% W and 4.5% Cu and 8% W 
and 6.5% Cu were observed in the TiO2-PTA-Cu and TiO2-NH2-PTA-Cu composites 
respectively, TiO2-PTA-Ag (Figure 5.19b and Figure 5.18A, curve e) and TiO2-NH2-PTA-Ag 
(Figure Figure 5.20b and Figure 5.18B, curve e) display an energy signature at 3.35 keV 
corresponding to the Ag Lα line while 4% W and 5.5% Ag and 7.5% W and 7.5% Ag was 
observed in the TiO2-PTA-Ag and TiO2-NH2-PTA-Ag composites respectively. TiO2-PTA-Pt 
(Figure 5.19c and Figure 5.18A, curve f) and TiO2-NH2-PTA-Pt (Figure Figure 5.20c and 
Figure 5.18B, curve f) display an energy signature at 2.12 keV characteristic to a collection of 
Pt Mα lines while 4.5% W and 4.6% Pt and 7.5% W and 5.9% Pt was observed in the TiO2-
PTA-Pt and TiO2-NH2-PTA-Pt composites and lastly, TiO2-PTA-Au (Figure 5.19d and Figure 
5.18, curve g) and TiO2-NH2-PTA-Au (Figure Figure 5.20d and Figure 5.18B, curve g) 
display an energy signature at 2.29 keV characteristic to a collection of Au Mα lines where 
4.2% W and 6% Au and 7.7% W and 7.4% Au was observed for TiO2-PTA-Au and TiO2-
NH2-PTA-Au respectively.  
The weight percentage of the metal on the nanotube surface is of crucial importance; it 
has been shown that above the optimum metal content the efficiency of the material for 
photocatalysis is observed to decrease and as such care must be taken to ensure a quantity of 
metal which provides optimum photocatalytic activity.
67
 
GADDS XRD patterns of the synthesized nanotube composites are displayed in 
Figure 5.21, whereby additional information regarding the crystallinity of the composite 
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materials could be determined. Patterns a in both Figure 5.21A and B describe a 
predominantly Ti film with a surface oxide layer which has not undergone any modification 
with PTA, the peaks shown correlate closely with what is expected for primitive hexagonal Ti 
(JCPDS - 00-044-1294) with some additional peaks attributable to TixO (where x=3,6) 
(JCPDS - 01-073-1583 and 01-072-1471) at 20°, 27.5° and 54° 2θ respectively.  
 
Figure 5.21A: XRD Patterns of (a) Ti/TixO foil, (b) TiO2 nanotubes, (c) TiO2-PTA, (d) TiO2-
PTA-Cu, (e), TiO2-PTA-Ag, (f) TiO2-PTA-Pt and (g) TiO2-PTA-Au nanotubes. 
Figure 5.21B: XRD Patterns of (a) Ti/TixO foil, (b) TiO2-NH2 nanotubes, (c) TiO2-NH2-PTA, 
(d) TiO2-NH2-PTA-Cu, (e), TiO2-NH2-PTA-Ag, (f) TiO2-NH2-PTA-Pt and (g) TiO2-NH2-PTA-
Au nanotubes. In both figures, peaks attributable to the corresponding metals are designated 
with special characters. 
In comparison, the as synthesized TiO2 nanotubes and amine modified TiO2-NH2 
nanotubes described by pattern b in Figure 5.21A and B respectively possess the peaks 
attributable to Ti as is described in pattern a along with some additional peaks observed at 
25°, 48°, 54° and 69° 2θ respectively which correlate closely with the diffraction pattern for 
anatase TiO2 (JCPDS - 01-070-6826). Modification with amine functional groups does not 
affect the diffraction pattern arising from TiO2 nanotube arrays. Pattern c in Figure 5.21A 
describes the TiO2 nanotubes modified with PTA, and TiO2-NH2-PTA in Figure 5.21B in 
which small peaks attributable to PTA (JCPDS - 00-050-0662) can be observed in 
comparison with pattern b at ca. 20°, 21° and 34° 2θ respectively. While the diffraction 
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pattern of pure PTA is very complex, the presence of very little PTA on the surface of the 
TiO2 nanotubes (as is expected if only a thin coating of PTA is achieved) correlates to a 
reduction in the signal to noise of the pattern attributable to PTA and as such only several of 
the highest intensity peaks are observed. In comparison between TiO2-PTA and TiO2-NH2-
PTA, peaks attributed to PTA are more discernable in the TiO2-NH2-PTA composite, 
however only the major peaks discussed above are visible. This increase in intensity provides 
further evidence for more PTA being present on the surface of the TiO2-NH2-PTA composite. 
Decoration of the nanotube surface with Cu nanoparticles (Figure 5.21A and B, 
pattern d for TiO2-PTA-Cu and TiO2-NH2-PTA-Cu) results in a single peak attributable to the 
(111) plane of fcc copper (JCPDS - 01-070-3039) observed at 43° 2θ (marked with @). 
Notably, the peak intensity is larger in the amine modified composite indicating greater Cu 
deposition on amine modified TiO2 nanotube samples. Introduction of Ag nanoparticles 
(Figure 5.21A and B, pattern e for TiO2-PTA-Ag and TiO2-NH2-PTA-Ag) results in the 
observation of a peak at ca. 44° 2θ (marked with #) attributable to the (200) plane of fcc silver 
which correlates well with the literature (JCPDS - 03-065-8428), once again, the peak 
observed in the amine modified composite is of greater intensity. Decoration with Pt 
nanoparticles (Figure 5.21A and B, pattern f for TiO2-PTA-Pt and TiO2-NH2-PTA-Pt) results 
in a peak at 45° 2θ (marked with ^) which correlates well with the literature for the (200) 
plane of fcc platinum (JCPDS - 01-088-2343). Interestingly, in the case of the platinum 
composite, an additional peak at 65° 2θ is observed in the amine modified composite which 
correlates well with the (220) plane for fcc platinum. Lastly, introduction of Au nanoparticles 
(Figure 5.21A and B, pattern g for TiO2-PTA-Au and TiO2-NH2-PTA-Au) results in a similar 
pattern to that of TiO2-PTA-Ag whereby a single peak is observed at 44° 2θ (marked with *) 
which correlates well with the literature for fcc gold (JCPDS - 03-065-2870). Also of note is 
the appearance of an additional peak at 64° 2θ which can be confidently assigned to the (220) 
plane of fcc gold in the amine modified composite.  
Notably, many more peaks attributable to the metals used are not observed, peaks at 
ca. 38-39° 2θ are to be expected for fcc silver, platinum and gold and at 50° and 74° 2θ for fcc 
copper. However these diffraction peaks are likely not observed because they are masked by 
the intensity of diffraction peaks arising from the TiO2 nanotubes used as a support, as the 
metal nanoparticles are only a small fraction of the volume of the systems in question. 
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5.4.6 Photocatalytic Degradation of Congo Red 
As was demonstrated previously in section 5.3.5 of this chapter, metal nanoparticles 
may play an integral part in catalysing the charge-transfer process, which can result in 
significant improvement in photocatalytic performance.
41,42
 
By immersing the TiO2 nanotube composites in separate solutions of the organic dye 
‘Congo red’ and irradiating the solution with simulated solar light, the effect of the material 
on the photocatalytic degradation of the organic dye could be observed. Being an organic 
molecule, exposure to ultra-violet light causes the bonds within the molecule to break down, 
resulting in a reduction in colour intensity.  
 
Figure 5.22:(A) UV-visible spectra of the organic dye Congo red upon exposure to a range of 
photocatalysts for 30 min under simulated solar light conditions and (B) % photodegradation 
of Congo red expressed as reduction in the intensity of absorbance at 500 nm. Control in (b) 
represents the % photodegradation of Congo red in the absence of a photocatalyst, but in the 
presence of simulated solar light for 30 min. 
The solution of Congo red before exposure (the initial absorbance) is shown as the 
black curve in Figure 5.22. As a control experiment the same solution without any added 
nanotube composite when irradiated for a period of 30 minutes, the intensity of the red colour 
is observed to fade and corresponds with a decrease in the characteristic absorbance of the 
peak at ca. 500 nm by ca. 10% of its original value, i.e. 10% of the dye was degraded. 
Photodegradation in the presence of an unmodified Ti/TixO foil resulted in 33% degradation 
of CR while in comparison, introducing TiO2 nanotubes to the CR solution resulted in ca. 
42% degradation indicating the morphology and increased surface area of the nanotubes aids 
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somewhat in the photocatalytic process. PTA is also a well-known photoactive material and 
its effectiveness in degrading CR has been previously documented.
23
 The introduction of PTA 
in the TiO2-PTA composite is observed to increase the photocatalytic ability of the TiO2 
nanotubes through a co-catalytic process to facilitate the degradation of ca. 49% of the CR. 
Decoration with metal nanoparticles is observed to have a dramatic effect on the 
photocatalytic activity of the synthesized composites; Cu, Ag and Pt are observed to have a 
very similar effect on the photocatalytic activity, resulting in ca. 76%, 78% and 80% 
degradation of CR for Cu, Ag and Pt respectively. TiO2-PTA-Au is observed to be the most 
photocatalytically active composite, resulting in ca. 89% degradation of the CR. It must be 
noted that the data shown has been adjusted for both the weight (as there were small 
variations in the size of the nanotube samples due to manual cutting of the bulk material) and 
degree of metal nanoparticle loading of the respective composites as was determined by EDX 
measurements. As has been reported in the previous work, there appears to be a correlation 
between increasing photocatalytic activity and metal nanoparticle nobility and this body of 
work provides further evidence for this proposal. 
As with the TiO2 particle based nanocomposites, the TiO2 nanotube based composites 
displayed significant activity towards the degradation of the organic dye CR under these 
simulated solar light conditions. The advantage of employing nanotube arrays as the support 
material is the ease of recovery of the catalyst platform in comparison to the powdered 
nanocomposites. To this end, and to examine the visible light photocatalytic activity of these 
materials, the photoactivity of these materials towards the degradation of CR under UV (253 
nm) and visible (575 nm) light was once again compared (Figure 5.23).  
As was expected, the nanotube based TiO2-PTA-M composite demonstrated 
significant activity towards the degradation of CR under irradiation with UV light for 15 
minutes, shown in Figure 5.23a (once again, 30 minutes of exposure proved too long). As 
with the TiO2 particle based nanocomposites (section 5.3.5), the TiO2 nanotube based TiO2-
PTA-Pt catalyst was found to be the most photoactive, slightly more so than the TiO2-PTA-
Au catalyst and overall, the TiO2 nanotube based composites were found to be ca. 7% more 
effective. 
Once again the TiO2-PTA-Au composite was found to have the highest photoactivity 
when irradiated with visible light (Figure 5.23B), which may indeed be due to higher SPR 
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absorbance of Au nanoparticles under visible light. However this aspect will require further 
detailed investigation. 
 
Figure 5.23: Percentage photodegradation of CR expressed as reduction in the intensity of 
A500 on its exposure to different TiO2 nanotube based photocatalysts in the presence of (A) 
253 nm UV light for 15 min and (B) 575 nm visible light for 30 min. Five bars within each 
labelled catalyst indicate activity of photocatalysts during reusability of catalyst for up to 5 
cycles. 
  In comparison to their TiO2 nanoparticle based systems, the TiO2 nanotube 
based photococatalysts displayed ca. 10% better photocatalytic activity (comparing Figure 
5.23 and Figure 5.14) While this may seem like a small increase, it must be noted that only 
the top most proportion of the TiO2 nanotubes has been decorated with metal nanoparticles, if 
a larger proportion of the nanotube surface could be decorated, this difference in 
photocatalytic activity could be far greater. It has previously been mentioned (in Section 
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5.4.1) that TiO2 nanotubes may often provide a significant increase in specific surface area for 
photocatalytic reactions over TiO2 nanoparticles. Therefore, comparisons were made based on 
calculations of surface area per gram of material, wherein BET analysis determined a surface 
area of ca. 45 m
2
/g for TiO2 nanoparticle based composites and ca. 23 m
2
/g for TiO2 nanotube 
based composites. While the surface area per gram of the TiO2 nanotube composites appears 
to be lower than the TiO2 nanoparticle composites, it should be noted that the Ti foil 
employed in synthesis of the TiO2 nanotubes constitutes a large percentage of the total mass 
of the material. As the Ti foil is largely a non-participant in the photocatalytic process (very 
little surface area of the Ti foil, in comparison to the bulk material, is exposed) if the mass of 
the Ti foil was discounted, the specific surface area per gram for the TiO2 nanotube 
composites would increase significantly. Figure 5.24 and the following equations demonstrate 
the process through which the percentage mass of the TiO2 nanotubes was calculated. 
             
 
Figure 5.24: Stylised schematic demonstrating how the % mass of the TiO2 nanotubes was 
calculated, wherein M1, M2 and M3 correspond to weights of Ti foil, Ti foil decorated with 
TiO2 nanotubes, and TiO2 nanotubes , respectively. 
 Through this equation we were able to determine a rough specific surface area per 
gram of TiO2 nanotubes to be ca. 70 m
2
/g. However it must be noted that these measurements 
might have potential errors due to experimental and mechanical errors while manually cutting 
equal sized pieces of Ti foil and TiO2 nanotube decorated Ti foil. These calculations are only 
to show that surface area of TiO2 nanotubes was more than those of TiO2 nanoparticles, as 
one would expect.  
The photocatalysis results obtained herein therefore suggest that nanotube based TiO2-
PTA-M and TiO2-NH2-PTA-M composites can be employed for the efficient 
photodegradation of organic dyes and the superior ease with which the TiO2 nanotube based 
materials can be incorporated into arrays and reused should not be underestimated. 
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5.4.7 Conclusion 
Demonstrated herein, a generalised approach to the decoration of TiO2 nanotube based 
TiO2-PTA-M and TiO2-NH2-PTA-M photococatalytic systems with metal nanoparticles of 
Cu, Ag, Pt or Au by employing the Keggin ion 12-phosphotungstic acid as a multifunctional 
linker molecule with demonstrated capabilities towards acting as a photocatalyst, superior 
electron transfer molecule and a UV-switchable reducing agent is reported. This study 
demonstrates that the choice of morphology of the TiO2 substrate can have a profound effect 
on the photocatalytic activity of the synthesised metal decorated composites. The TiO2 
nanotubes employed in the fabrication of the composite materials lend a far greater surface 
area for photocatalytic processes as well as providing an easy to use and easily recoverable 
material that can be reused multiple times. It may be possible to extend the synthesis of TiO2 
nanotubes to many different configurations, with the ability to tailor design the nanotube array 
to best attack a specific task. These nanotube based TiO2-PTA-M and TiO2-NH2-PTA-M 
composites are expected to have far reaching potential towards the degradation of organic 
molecules and pollutants as well as in solar cell applications and devices. 
5.5 Synthesis of Bimetallic Metal Nanoparticle Decorated Titania-
Keggin Ion Photococatalysts via a Galvanic Replacement Process for 
Enhanced Solar Light Photocatalysis 
5.5.1 Rationale 
While many researchers have demonstrated the decoration of TiO2 surfaces with metal 
nanoparticles, there has not yet been any modification of these metal nanoparticles after 
deposition. In this body of work, it is reported for the first time the galvanic replacement of 
nanoparticles of both silver and copper deposited on the surface of a TiO2-Keggin ion 
photococatalyst. While not as photoactive as their unimetallic counter-parts, it is demonstated 
that by forming bimetallic nanoparticles on the surface of these photococatalysts the 
photocatalytic activity of these bimetallic materials can be tuned very effectively while 
reducing the amount of material required by a factor of 10. 
5.5.2 Experimental 
5.5.2.1 Materials 
See Section 5.3.2.1 Materials. 
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5.5.2.2 PTA Functionalization of TiO2 
See Section 5.3.2.3 for PTA functionalization of TiO2 and TiO2-NH2. However, in this 
study, amine modified TiO2-NH2 based systems were not explored 
5.5.2.3 Decoration with Silver and Copper nanoparticles 
This was performed as explained previously in section 5.3.2.4. 
5.5.2.4 Galvanic Replacement with Silver, Platinum and Gold Salts 
Galvanic replacement was performed by immersing either the TiO2–PTA–Ag or 
TiO2–PTA–Cu composite in a solution containing a suitable metal ion as an etchant. Several 
experiments were conducted employing different concentrations of reagents to determine 
what concentrations would provide an appreciable degree of galvanic replacement without 
replacing all of the precursor metal. Those experiments that provided the best results are 
described herein. To two separate solutions containing 2 mL of the synthesised TiO2–PTA–
Ag composite, 3.5 mL of KAuBr4 (1x10
-4
 M) and 2.625 mL of H2PtCl6 (1x10
-4
 M) were 
added and the final volume was made up to 10 mL with deionised water. After mixing, the 
solutions were observed to rapidly change colour from light yellow/brown to a light violet in 
the case of KAuBr4 addition and to a dark grey in the case of H2PtCl6 addition. These reaction 
products are designated TiO2–PTA–Ag/Au and TiO2–PTA–Ag/Pt for silver galvanically 
replaced with gold and platinum respectively. Concurrently, to three solutions containing 
2mL of the TiO2–PTA–Cu composite, 6 mL of Ag2SO4 (1x10
-4
 M), 2 mL of KAuBr4 (1x10
-4
 
M) and 1.5 mL of H2PtCl6 (1x10
-4
 M) were added and the final volume was adjusted to 10mL 
with deionised water. The solutions were observed to change colour after approximately 15 
minutes of reaction from white to a light grey for Ag2SO4 addition, light violet for KAuBr4 
addition and dark grey for H2PtCl6 addition. These reaction products are designated TiO2–
PTA–Cu/Ag, TiO2–PTA–Cu/Au and TiO2–PTA–Cu/Pt for copper galvanically replaced with 
silver, gold and platinum respectively.  
The reactions were allowed to proceed overnight to ensure the reaction reached 
equilibrium. As the amount of metal deposited from a galvanic replacement reaction is 
dependent on the oxidation states of the reactants, different amounts of metal ions were added 
in an attempt to ensure a similar amount of copper (in the case of TiO2-PTA–Cu) and silver 
(in the case of TiO2–PTA–Ag) are consumed by the galvanic replacement process. 
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5.5.3 Decoration of the TiO2 surface with Bimetallic Nanoparticles 
Illustrated in Scheme 5.4 is a simplified series of reactions that were employed in the 
synthesis of TiO2-PTA cocatalytic materials decorated with bimetallic nanoparticles. Firstly, 
in step 1, commercial anatase TiO2 powder is functionalized with PTA molecules [PTA, 
(PW12O40
3-
)] which results in TiO2-PTA particles. Step 2 involves exposing the TiO2-PTA 
particles to UV irradiation for a period of two hours in the presence of propan-2-ol in a N2 
environment. Because PTA is a UV-switchable reducing agent, step 2 leads to the reduction 
of (PW12O40)
3-
 ions bound to the TiO2 surface to (PW12O40)
4-
 ions (represented as the blue 
coloured PTA*). This reduction of PTA molecules upon UV irradiation results in a colour 
change from milky white to purplish blue, characteristic of the reduced state of PTA.
49
 
 
Scheme 5.4: A schematic representation of the formation of TiO2-PTA cocatalytic materials 
decorated with bimetallic metal nanoparticles. The colours depicted are used as a guide to 
demonstrate the bimetallicity of the resultant nanoshells. 
  In step 3, the reduced TiO2-PTA* composite is exposed to suitable metal salts 
containing Ag
+
 or Cu
2+
 ions and allowed to mature for two hours, the reduced PTA* bound to 
the TiO2 surface acts as a highly localised reducing agent to reduce the metal salts to metal 
nanoparticles of Ag or Cu onto the surface of the TiO2 particles, this resulted in a change in 
the colour of the solutions from purplish-blue to brown-yellow for decoration with Ag 
nanoparticles (TiO2-PTA-Ag) and light pink for decoration with Cu nanoparticles (TiO2-PTA-
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Cu). At this point, step 4 is split into two parts; Step 4a describes the galvanic replacement of 
the Ag nanoparticles with PtCl6
2-
 and AuBr4
-
 ions, the TiO2-PTA-Ag composite was 
immersed in solutions containing these ions and allowed to mature overnight to ensure the 
galvanic replacement reaction reached conclusion. Within 15 minutes, the colour of the 
galvanically replaced nanocomposites changed from brown-yellow to dark grey for PtCl6
2-
 
addition and light violet for AuBr4
-
 addition. Step 4b describes a similar process whereby Cu 
nanoparticles deposited on the TiO2 surface in the TiO2-PTA-Cu nanocomposite are 
galvanically replaced by Ag
+
, PtCl6
2-
 and AuBr4
-
 ions, these solutions were once again left 
overnight to ensure the galvanic replacement reaction proceeded to completion, the 
nanocomposites were observed to change colour from light pink to light grey for Ag
+
 
addition, dark grey for PtCl6
2-
 addition and light violet for AuBr4
-
 addition.  
 The galvanic replacement reactions described above can be described by equations 6-7 
for Ag galvanically replaced with PtCl6
2-
 and AuBr4
-
: 
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0
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2
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0 644 aqsaqaqs ClPtAgPtClAg
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 And by equations 8-10 for Cu galvanically replaced with Ag
+
, PtCl6
2-
 and AuBr4
-
: 
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5.5.4 Characterisation of Bimetallic Nanoparticle Decorated TiO2-Keggin Ion 
Composites 
Demonstrated in Figure 5.25 are representative TEM images of those TiO2-PTA-Ag 
nanocomposites that have been galvanically replaced with PtCl6
2-
 and AuBr4
-
 ions. Figure 
5.25A shows the TiO2-PTA-Ag nanocomposite before galvanic replacement, the TiO2 
particles are irregular in shape and vary in size from 50-200 nm, the surface of the TiO2 
particles is decorated with ca. 10-20 nm Ag nanoparticles which are quasi-spherical and 
observed only on the TiO2 surface. Galvanic replacement with 0.1 mM PtCl6
2-
 (TiO2-PTA-
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Ag/Pt) is described by Figure 5.25B, wherein the Ag nanoparticles decorating the TiO2 
surface have undergone a significant morphology change to form Ag/Pt alloy nanoshells with 
a shell thickness of ca. 5 nm. The formation of the Ag/Pt bimetal is confirmed through the use 
of EDX analysis wherein both Pt and Ag signatures are confirmed (Figure 5.26, TiO2-PTA-
Ag/Pt). It is observed that some of the shells have been galvanically replaced to a degree 
where the alloy nanoshell appears incomplete and as such some of the nanoshells appear 
broken. 
 
Figure 5.25: Transmission electron micrographs of (A) TiO2-PTA-Ag, (B) TiO2-PTA-Ag/Pt 
and (C) TiO2-PTA-Ag/Au 
 When galvanically replaced with 0.1 mM AuBr4
-
 (TiO2-PTA-Ag/Au), the results 
displayed in Figure 5.25C are very similar to those observed for galvanic replacement with Pt 
salts in such as the Ag nanoparticles on the surface have undergone a dramatic morphology 
change to form Au/Ag bimetallic nanoshells with a shell thickness of ca. 5 nm. Once again 
the presence of a Ag/Au alloy is confirmed through the use of EDX analysis (Figure 5.26, 
TiO2-PTA-Ag/Au) in which peaks attributed to both Au and Ag are observed. 
 
Figure 5.26: EDX analysis of galvanically replaced TiO2-PTA-M2/M1 composites 
50nm50nm
A B
50nm
C
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In addition to the galvanic replacement of the TiO2–PTA–Ag composites, the TEM 
micrographs of the TiO2–PTA–Cu materials that have been galvanically replaced with 
Ag2SO4, H2PtCl6 and KAuBr4 are displayed in Figure 5.27 and show a distinct similarity to 
those displayed in Figure 5.25. Similar to TiO2–PTA–Ag (Figure 5.25A), TiO2–PTA–Cu 
(Figure 5.27A) shows small ca. 10-20 nm copper nanoparticles decorating the surface of the 
irregularly shaped 50 to 200 nm TiO2 particles and as with the TiO2-PTA-Ag, no 
nanoparticles are observed unbound to the TiO2 particles.  
 
Figure 5.27: Transmission electron micrographs of (A) TiO2-PTA-Cu, (B) TiO2-PTA-Cu/Ag, 
(C) TiO2-PTA-Cu/Pt and (D) TiO2-PTA-Cu/Au 
When galvanic replacement is performed with 0.1 mM Ag
+
 ions (TiO2–PTA–Cu/Ag, 
Figure 5.27B), the copper nanoparticles on the surface of the composite undergo a galvanic 
replacement reaction to form thick walled hollow Cu/Ag bimetallic nanoshells where the 
thickness of the shell wall is ca. 10 nm. While galvanic replacement with PtCl6
2-
 ions (TiO2–
PTA-Cu/Pt, Figure 5.27C) also results in the formation of bimetallic nanoshells on the surface 
of the TiO2 particles, in contrast to galvanic replacement with Ag
+
 the Cu/Pt alloy nanoshells 
that are formed do not possess shell walls of the same thickness. The shell thickness in the 
case of TiO2–PTA–Cu/Pt is observed to be ca. 5 nm and due to this some nanoshells appear to 
be broken or incomplete on the TiO2 surface, similar to that which was observed for the TiO2-
PTA-Ag/Pt composite. Lastly when galvanic replacement with 0.1 mM [AuBr4]
-
 ions (TiO2–
100nm
B
100nm 100nm
C D
50nm
A
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PTA–Cu/Au, Figure 5.27D) is performed, the copper nanoparticles on the surface of the TiO2 
particles undergo a galvanic replacement reaction to form hollow Cu/Au bimetallic 
nanoshells, with shell walls ca. 10 nm in thickness.  EDX analysis of the galvanically replaced 
composites demonstrated the formation of alloy nanoparticles whereby in each case the 
energy signature of each metal was observed. 
As was previously discussed, EDX (Figure 5.26) was performed on the synthesized 
materials to determine the presence of each element and also to determine the abundance of 
each component of the composite. All EDX patterns have been adjusted to have the same 
intensity of the Ti Kα line. The spectrum of unmodified TiO2 displays the peaks characteristic 
of Ti Kα and Kβ at 4.51 and 4.93 keV respectively and a peak characteristic of O Kα at 0.52 
keV. TiO2-PTA displays the peaks characteristic to Ti and O along with an additional peak 
attributed to the W Mα line at 1.89 keV, confirming the presence of PTA in the material. 
TiO2–PTA–Ag galvanically replaced with PtCl6
2-
 ions (TiO2-PTA-Ag/Pt) shows peaks 
characteristic of Pt Mα at 2.05 keV and Ag Lα at 2.98 keV respectively while similarly    
TiO2–PTA–Ag/Au displays peaks characteristic of Au Mα at 2.12 keV and Ag Lα at 2.98 
keV. Furthermore, analysis of TiO2–PTA–Cu/Ag shows peaks corresponding to Cu Lα and 
Ag Lα at 0.93 keV and 2.98 keV respectively while TiO2–PTA–Cu/Pt shows peaks 
corresponding to Cu Lα and Pt Mα at 0.93 keV and 2.05 keV respectively and finally TiO2–
PTA–Cu/Au shows peaks corresponding to Cu Lα and Au Mα at 0.93 keV and 2.12 keV 
respectively.  
 Semi-quantitative analysis (as performed on the TiO2 nanotube composites through 
the EDX suite, see section 5.4.5), was performed on the bimetallic composites to provide an 
understanding of the elemental composition of the nanoparticles deposited on the TiO2 
surface.  Across six sample areas in the case of TiO2-PTA–Ag/Pt, 3.08% w/w Ag and 1.32% 
w/w Pt is observed, as Pt is approximately twice as massive as silver, in terms of atomic 
percentage ca. 24% Ag is galvanically replaced with Pt. In the TiO2–PTA–Ag/Au composite, 
3.54% w/w silver and 1.68% w/w gold is observed, as Au, like Pt, is also approximately twice 
as massive as Ag, in terms of atomic percentage ca. 26% of Ag is galvanically replaced by 
Au. Analysis of the peak width and heights shows that in comparison to the composites made 
by galvanically replacing TiO2–PTA–Ag the degree of metal loading on the TiO2–PTA 
surface is considerably lower due to the lower deposition of Cu nanoparticles. In the TiO2–
PTA–Cu/Ag composite 2.4% w/w Cu and 0.2% w/w Ag is observed which correlates to ca. 
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20% Cu galvanically replaced with Ag. TiO2–PTA–Cu/Pt shows similar results whereby 
2.1% w/w Cu and 1.2% w/w Pt is observed, correlating to ca. 23% Cu galvanically replaced 
with Pt. Finally TiO2–PTA–Cu/Au shows similar results with 2.0% w/w Cu and 1.1% w/w 
Au observed which correlates to ca. 21% copper galvanically replaced with gold. 
Due to the surface plasmon resonance (SPR) of nanostructures being dependent on 
their size, shape and composition, examining the changes in this SPR can reveal important 
information regarding the galvanic replacement reaction. Displayed in Figure 5.28A are UV-
sisible spectra of the galvanic replacement of TiO2–PTA–Ag with PtCl6
2-
 (TiO2–PTA–Ag/Pt) 
and AuBr4
-
 (TiO2–PTA–Ag/Au) and the corresponding control spectra. TiO2 itself shows a 
feature at ca. 326 nm and slight absorbance in the visible region which increases towards the 
ultra violet. When PTA is added to the complex a feature characteristic of the Keggin 
structure of PTA (TiO2–PTA) is observed at ca. 248 nm.
49,89
  
 
Figure 5.28: UV-visible spectroscopy of (A) TiO2–PTA–Ag systems galvanically replaced 
with [PtCl6]
2-
 and [AuBr4]
-
 and (B) TiO2-PTA–Cu systems galvanically replaced with Ag
+
, 
[PtCl6]
2-
 and [AuBr4]
-
. 
Introduction of silver nanoparticles to the composite (TiO2–PTA–Ag) results in the 
formation of a very broad peak centred on ca. 400 nm which can be attributed to the 
formation of Ag nanoparticles deposited on the TiO2 surface,
50,58-60
 the feature attributed to 
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PTA at 248 nm is observed to decrease in intensity and red shift to ca. 255 nm indicating 
binding of the PTA molecule to the surface of the TiO2 particles. 
Upon introduction of [PtCl6]
2- 
ions, the absorbance attributed to the silver 
nanoparticles is observed to broaden significantly and red shift to centre on ca. 445 nm. This 
is unusual as Pt nanoparticles do not generally exhibit SPR features in the visible region of the 
spectrum,
50,60
 therefore, this shift in SPR can be attributed to the formation of Pt/Ag 
nanoshells. 
Introduction of AuBr4
-
 ions to the TiO2-PTA-Ag composite causes the broad peak 
attributed to the silver nanoparticles to further broaden and red shift to ca. 424 nm, a shift 
which is consistent with the formation of a Ag/Au alloy.
90,91
 The absorbance of the peak 
attributed to PTA bound to the TiO2 surface at ca. 248 nm is observed to decrease in intensity 
upon reaction with AuBr4
-
 however in comparison to TiO2-PTA-Ag/Pt, the peak attributed to 
PTA in TiO2-PTA-Ag/Au is not observed to reduce in intensity to the same degree.   
Demonstrated in Figure 5.28B are UV-visible spectra of the galvanic replacement of 
TiO2–PTA–Cu with Ag
+ 
ions (TiO2–PTA–Cu/Ag), PtCl6
2-
 ions (TiO2–PTA–Cu/Pt) and 
AuBr4
-
 ions (TiO2–PTA–Cu/Au). TiO2–PTA–Cu displays a collection of weak peaks 
attributable to copper nanoparticles centred on 634 nm,
57
 features attributed to TiO2 and PTA 
are also observed at 326 nm and 255 nm respectively with the PTA peak being red shifted 
from 248 nm in the TiO2–PTA spectrum. Galvanic replacement with Ag
+
 ions (TiO2–PTA–
Cu/Ag) results in the formation of a broad peak at ca. 400 nm which can be attributed to the 
formation of Cu/Ag nanoshells, while the peaks attributed to copper nanoparticles are no 
longer observed around 634 nm. Galvanic replacement with PtCl6
2-
 ions (TiO2–PTA–Cu/Pt) 
results in the formation of a very broad peak centred at ca. 450 nm which can likewise be 
attributed to the formation of Cu/Pt nanoshells. As with the spectra of TiO2-PTA-Cu/Ag, the 
peaks attributed to copper nanoparticles around ca. 634 nm are not observed. 
Lastly when galvanically replaced with AuBr4
-
 ions (TiO2–PTA-Cu/Au), a broad peak 
is observed at 420 nm which has red shifted with respect to TiO2–PTA–Cu/Ag, the peak 
attributed to copper nanoparticles is once again not observed in this spectra. 
Once again, the absence of strong SPR features arising from free nanoparticles or 
nanoshells in solution demonstrates the significant advantage of employing tightly bound 
PTA molecules as highly localised UV-switchable reducing agents for the decoration of 
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bimetallic metal nanostructures on the surface of TiO2 particles. The absence of free 
nanoparticles avoids contamination of the synthesised materials. 
5.5.5 Surface Enhanced Raman Spectroscopy (SERS) of the bimetallic nanoparticle 
decorated TiO2-PTA nanocomposites 
It is well documented that there exists two cooperative mechanisms contributing to the 
overall enhancement described by surface enhanced Raman spectroscopy. The long range 
electromagnetic effect (EM) contributes the most and is caused by the oscillations of surface 
plasmons from sub 100 nm features. The short range chemical effect (CM) contributes less so 
than the EM effect and is associated with the chemical bonding of the probe molecule to 
surface defect sites such that a charge can be transferred between the molecule and the 
substrate. The materials synthesized in this body of work we expected to exhibit both 
localized surface plasmon resonance from their nanosized surface particles and significant 
surface defect sites due to the alloy forming process of galvanic replacement.
92,93
 Displayed in 
Figure 5.29A is the SERS spectra of the TiO2–PTA–Ag based composites that have been 
galvanically replaced with [PtCl6]2
-
 ions (TiO2–PTA–Ag/Pt) and [AuBr4]
-
 ions (TiO2–PTA–
Ag/Au) using Rhodamine 6B as the probe molecule. TiO2–PTA–Ag that has not undergone 
galvanic replacement shows peak intensity at a Raman shift of ca. 1500 cm
-1
 of ca. 2.5 x 10
4
 
counts, when galvanically replaced with [PtCl6]
2-
 ions, the SERS signal from Rhodamine 6B 
is severely quenched resulting in little to no signal. On the other hand galvanic replacement 
with AuBr4
-
 ions results in a 3.5 fold increase in the observed SERS activity and a significant 
increase in the resolution of the SERS spectra such that additional peaks can be observed at 
1130, 1080, 1010, 920 and 820 cm
-1
 with respect to TiO2–PTA–Ag which has not undergone 
galvanic replacement.   
Illustrated in Figure 5.29B is the SERS spectra of the TiO2–PTA–Cu composites that 
been galvanically replaced with Ag
+
 ions (TiO2–PTA–Ag/Cu), [PtCl6
]2-
 ions (TiO2–PTA–
Ag/Pt) and [AuBr4]
-
 ions (TiO2–PTA–Ag/Au) using Rhodamine 6B as the probe molecule. 
Unmodified TiO2–PTA–Cu demonstrates peak intensity of ca. 1.1 x 104 counts at a Raman 
shift of 1510 cm
-1
. Galvanic replacement with [PtCl6]
2-
 ions has little to no effect on the SERS 
activity observed for TiO2–PTA–Cu. When galvanically replaced with Ag+ ions the SERS 
activity is observed to increase 4 fold to peak at ca. 4.1 x 10
4
 counts at ca. 1510 cm
-1
, there is 
also a slight increase in the resolution of the SERS spectrum with additional small peaks 
being resolved at 1570, 1475, 1010 and 920 cm
-1
. Galvanic replacement with [AuBr4]
-
 ions 
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results in a significant increase in the SERS activity observed consisting of a 15 fold increase 
to peak at 1.55 x 10
5
 counts at ca. 1510 cm
-1
. The resolution is also observed to further 
increase with respect to TiO2–PTA–Cu/Ag with additional small peaks resolved at 1440, 
1380, 1170 and 1050 cm
-1
. 
 
Figure 5.29: Surface enhanced Raman spectroscopy (SERS) analysis of Rhodamine-6B on 
(A) TiO2–PTA–Ag galvanically replaced with [PtCl6]
2-
 (TiO2–PTA–Ag/Pt) and [AuBr4]
-
 
(TiO2–PTA–Ag/Au) and (B) TiO2–PTA–Cu galvanically replaced with Ag
+
 (TiO2–PTA–
Cu/Ag), [PtCl6]
2-
 (TiO2–PTA–Cu/Pt) and [AuBr4]
-
 (TiO2–PTA–Cu/Au) 
5.5.6 Photocatalytic degradation of Congo red 
It has been previously demonstrated in this thesis that the deposition of metal 
nanoparticles on the surface of TiO2-PTA cocatalytic composites can have very positive 
effects for the photodegradation of the organic dye Congo red. The process of catalysing the 
charge-transfer process has previously been discussed in Section 5.3.5. 
Previously, the photocatalytic activity of unimetallic nanoparticles deposited on the 
TiO2 surface has been discussed, by irradiating solutions of the galvanically replaced 
composite materials and the organic azo dye ‘Congo red’ with simulated solar light the 
photocatalytic activity of the materials could be determined and compared to the unimetallic 
counterparts.  
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Figure 5.30: UV-visible spectra of the organic dye Congo red upon exposure to a range of 
unimetallic and bimetallic photocatalysts for 30 min under simulated solar light conditions 
and (b) % photodegradation of Congo red expressed as reduction in the intensity of 
absorbance at 500 nm. Control in (b) represents the % photodegradation of Congo red in the 
absence of a photocatalyst, but in the presence of simulated solar light for 30 min. 
The solution of Congo red before exposure (the initial absorbance) is shown as the 
black curve in Figure 5.30, once again, as a control experiment, the same solution was 
irradiated with simulated solar radiation without any added material for a period of 30 
minutes, through this the intensity of the red colour of the Congo red solution is observed to 
fade and corresponds with a decrease in the characteristic absorbance of the peat at ca. 500 
nm by ca. 8%, i.e. 8% of the organic dye was degraded. Addition of unmodified TiO2 results 
in ca. 26% degradation of the Congo red solution while the addition of PTA to synthesise a 
co-catalytic composite results in ca. 37% degradation of Congo red.  
As a comparison, composites of TiO2–PTA–M (where M = Au, Ag, Pt and Cu) that 
were synthesised previously where no galvanic replacement has been performed were also 
examined. TiO2–PTA–Cu results in ca. 58% degradation of Congo Red, TiO2–PTA–Ag 
results in ca. 68% degradation, TiO2–PTA–Pt results in ca. 75% degradation and TiO2–PTA–
Au results in ca. 85% degradation of Congo red. .  
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In comparison the materials synthesized by galvanic replacement show a range of 
photocatalytic activities; TiO2–PTA–Cu/Pt and TiO2–PTA–Cu/Au are both observed to 
degrade ca. 67% of Congo red while TiO2–PTA–Au/Cu results in ca. 77% degradation, while 
from the previous photodegradation experiments the Au containing alloy was expected to give 
higher photocatalytic activity, the closeness of the Ag and Pt containing alloys is interesting. . 
In all cases, galvanic replacement of TiO2–PTA–Cu results in an increase in the 
photocatalytic of the composite with respect to the TiO2–PTA–Cu material that has not been 
galvanically replaced.  
Galvanic replacement of TiO2–PTA–Ag with Pt (TiO2–PTA–Ag/Pt) results in ca. 78% 
degradation while galvanic replacement with Au (TiO2–PTA–Ag/Au) resulted in an increase 
in degradation to 81%. In comparison to TiO2–PTA–Au, the photocatalytic activity of TiO2–
PTA–Au/Ag is only slightly less, however it must be noted that the amount of gold loaded 
onto the surface of the galvanically replaced composite is an order of magnitude less than in 
the pure gold TiO2–PTA–Au material. This has important consequences considering the price 
of noble metals in today’s marketplace. 
5.5.7 Conclusion 
In summary, this work has demonstrated the ease of synthesising TiO2 based 
photococatalytic systems employing the Keggin ion 12-phosphotungstic acid decorated with 
bimetallic nanoparticles through an elegant galvanic replacement reaction. As with our 
previous work, these bimetallic nanoparticle decorated composites were demonstrated to 
show significant improvements in visible and solar light photoactivity for TiO2-based 
systems. While composites decorated with a single noble metal were demonstrated to perform 
slightly better than their bimetallic counterparts, in an age where researchers are actively 
attempting to decrease the precious metal content in their devices, the notion that a bimetallic 
nanoparticle decorated TiO2-PTA based photocatalyst can demonstrate comparable activity 
while employing an order of magnitude less material shows considerable promise. 
5.5.8 A word on the synthesis of bimetallic nanoparticle decorated TiO2 nanotubes 
While a similar procedure was undertaken to attempt to galvanically replace those 
TiO2-PTA nanotube composites that were decorated with Ag and Cu nanoparticles; it was 
found that because the concentrations of reactants that were employed were so dilute to 
ensure the formation of small dispersed nanoparticles that the galvanic replacement reaction 
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with such a low concentration did not appear to have a noticeable effect on the synthesis of 
bimetallic nanoparticles.  
Increasing the concentration of the metal salt employed in galvanic replacement to 
compensate for the diluteness of the reactants resulted in the complete consumption of the Ag 
or Cu nanoparticles on the nanotube surface and instead resulted in the deposition of large 
deposits of metal (of the respective salt) on top of the nanotube array. 
5.6 Summary 
Within this chapter a facile method for the decoration of metal nanoparticles onto 
different morphologies of TiO2 (nanoparticles and nanotubes) which have been functionalised 
with the Keggin ion 12-phosphotungstic acid has been demonstrated. In all cases, the ability 
of the PTA molecule to act as a highly selective and reusable UV-switchable reducing agent 
was employed to directly, and only, deposit metal nanoparticles of copper, silver, gold or 
platinum onto the TiO2 surface reducing contamination from free metal nanoparticles that 
other metal decorated TiO2 systems can suffer from. All synthesised materials displayed 
significant activity towards the photocatalytic degradation of the organic dye Congo red under 
simulated solar light conditions as well as ultraviolet and visible light conditions, the latter of 
which is a significant achievement for TiO2 based photocatalysts. 
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6. CHAPTER VI 
 
 
 
 
 
Conclusions 
 
 
 
 
 
This chapter provides a summary of the work presented in this thesis and provides scope for 
potential future endeavours. 
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6.1     Summary of accomplished work 
The drive to synthesise nanoscale materials with greatly enhanced catalytic properties 
occurs across an ever changing landscape. In this thesis, the use of an elegant galvanic 
replacement process has been successfully employed to facilitate the synthesis of bimetallic 
alloy nanomaterials in a variety of systems including; galvanic replacement in non-
conventional solvents such as ionic liquids, the decoration of CuTCNQ microrods with gold 
nanoclusters and the deposition of bimetallic nanoparticles on the surface of TiO2 
microparticles. 
In the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4], the 
choice of an appropriate solvent during the galvanic replacement process demonstrated that 
reaction products with vastly different morphologies could be synthesised due to the ability of 
the ionic liquid to stabilise certain reaction intermediates. When Ag nanospheres with 
approximately 15-20 nm diameters were galvanically replaced with [AuBr4]
-
 (Au
III
) ions in 
the ionic liquid the formation of unusual dendrite-like structures with lengths up to 2 μm 
could be achieved indicating an interesting self-organisation growth of the crystals in the ionic 
liquid, while the same reaction performed in an aqueous medium resulted instead in the 
formation of hollow Au/Ag bimetallic nanoshells. The formation of these uniquely dendritic 
structures can be attributed to the stabilisation of an intermediate [AuBr2]
-
 (Au
I
) species in the 
ionic liquid which is considerably less stable in aqueous systems, it is through this 
intermediate stabilisation that very different reaction kinetics ensue and as a result the 
products of these galvanic replacement reactions differ greatly. 
Of great importance, the synthesised dendritic materials were found to be especially 
good candidates for electrodes in the electrochemical oxidation of formaldehyde and 
hydrazine, two reactions with potential applications for methanol fuel cells, where the 
synthesised Au/Ag dendrites were found to demonstrate a significant negative shift in onset 
potential (200 mV) with respect to the Au/Ag nanoshells (synthesised by galvanic 
replacement in water). In addition to these potential methanol fuel cell reactions, tremendous 
enhancement of the surface enhanced Raman scattering (SERS) effect was observed using 
4,4-bipyridal as a probe molecule. The great enhancement can be attributed to the many 
nanoscale features and tips associated with the dendritic structure which act to enhance the 
intense local fields that arise in nanoscale features. The prevalence of these nanoscale features 
  
 
179 
in the Au/Ag dendritic material results in a tremendous increase in the sensitivity and 
resolution of the SERS spectra with respect to that of the Au/Ag nanoshells. 
Previously, CuTCNQ had been restricted primarily to the fields of field emission and 
switching devices. However, after performing galvanic replacement on microrods of 
CuTCNQ in acetonitrile and aqueous environments, the decoration of the surface of these 
CuTCNQ microrods with gold nanoparticles can open up areas of research particularly in the 
fields of sensing and catalysis. While the galvanic replacement reaction was performed in two 
solvents, acetonitrile and water, it has been clearly demonstrated that as with the galvanic 
replacement process between Ag nanospheres and [AuBr4]
-
 ions in ionic liquids that the 
choice of employed solvent can have dramatic consequences for the final reaction products. 
Upon galvanic replacement in acetonitrile two competing reactions were observed, 
under conditions of low gold salt concentration the dissolution of CuTCNQ into the 
acetonitrile medium is the dominant process, leading to the formation of hollow rods of 
CuTCNQ and little deposition of gold nanoparticles on the CuTCNQ surface. However, as the 
gold salt concentration is increased the dissolution of CuTCNQ into the surrounding medium 
becomes more inhibited as the galvanic replacement redox reaction between CuTCNQ and 
[AuBr4]
-
 ions becomes the dominant mechanism and results in the decoration of a large 
number of metallic gold nanoparticles on the CuTCNQ surface. 
However, in contrast to the above mentioned mechanism in acetonitrile, the galvanic 
replacement process in aqueous solution follows a remarkably different mechanism resulting 
in vastly different reaction products. As CuTCNQ is scarcely soluble in water, the dissolution 
of CuTCNQ into the surrounding medium is not observed, rather even at low concentrations 
of gold salt, the CuTCNQ microrods remained intact. Experimental evidence instead suggests 
that CuTCNQ that is oxidised to Cu
+
 and TCNQ
0
 by [AuBr4]
-
 ions is regenerated through the 
disproportionation of the liberated unstable Cu
+
 to form stable Cu
0
 and Cu
2+
 species, whereby 
the newly generated Cu
0
 species is able to react with the insoluble TCNQ
0
 at the CuTCNQ 
microrod surface. 
It was found that in the case of galvanic replacement in both mediums that the degree 
of metal loading on the surface of the CuTCNQ microrods could be feasibly tuned through 
careful control of the concentration of added gold salt. The importance of the degree of metal 
loading became apparent upon photodegradation of the organic dye Congo red, whereby the 
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photocatalytic efficiency of the materials was observed to decrease with greatly increased 
gold nanoparticle decoration. 
The decoration of metal nanoparticles onto a new class of smart TiO2 based 
photococatalytic systems which employ the Keggin ion 12-phosphotungstic acid (PTA) as a 
photocatalytically active linker molecule has demonstrated the profound impact the presence 
of a sandwiched PTA layer between TiO2 and metal nanoparticle can have on the 
photocatalytic activity of the system. By employing both unmodified and amine modified 
TiO2 (TiO2-NH2) and four different metals (Cu, Ag, Pt and Au) the effect of surface 
functionalization and metal composition on the photodegradation of the organic dyes Congo 
red and Methyl red could be observed. 
It was found that while modifying the TiO2 surface with amine functional groups 
increased the number and size of metal nanoparticles on the surface of the TiO2 based 
nanocomposites, largely due to a higher affinity for the PTA molecule due to a more positive 
surface charge, this did not lead to an increase in photocatalytic activity for either organic dye, 
once again suggesting that overloading the nanocomposite with metal nanoparticles can have 
a detrimental effect on the photocatalytic activity of the system. Notably, the photocatalytic 
activity of the metal nanoparticle decorated nanocomposites studied seemed to increase with 
increasing nobility of the metal employed, this has significant ramifications as the choice of 
an appropriate metal-decorated TiO2-PTA photococatalytic system can be particularly 
important for industrial photocatalysis applications considering the significant difference in 
the cost of different noble metals. 
In comparison to the TiO2 particle based nanocomposites described above, those 
materials employing TiO2 nanotubes in the place of TiO2 particles displayed greater activity 
towards the photodegradation of organic dyes. This can be largely attributed to an increase in 
the number of reaction sites present on the much higher surface area nanotubes. Most 
importantly, the formation of TiO2 nanotubes from an easily recoverable substrate has 
significant ramifications for industrial applications, with the nanotube substrate far easier to 
collect and reuse after being employed in a photocatalysis process. 
Finally, by performing galvanic replacement on the metal nanoparticles deposited onto 
the TiO2 surface, TiO2-PTA co-composites decorated with bimetallic nanoparticles was 
achieved. While these bimetallic materials did not display as great photocatalytic activity as 
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their unimetallic counterparts, the activity was significant considering that some metals were a 
factor of 10 less concentrated in the alloy. These bimetallic materials also exhibit remarkable 
SERS activity, with significant ramifications for sensing applications. 
6.2     Major scientific contributions 
 As a direct result of the work conducted within this thesis, several significant scientific 
contributions have been made. For the first time, this thesis and its accompanying published 
works have demonstrated that solvents can have significant effects on the outcomes of 
galvanic replacement reactions (Pearson et al, Chemical Communications, 2010 46(5), 731-
733). This thesis also demonstrated for the first time that galvanic replacement reactions can 
be performed on metal-organic charge-transfer semiconductors such as CuTCNQ (in addition 
to conventionally used metals) and the resultant metal decorated nanocomposites were 
demonstrated as effective photocatalysts, also a first for this class of charge-transfer 
complexes (Pearson et al, Inorganic Chemistry, 2011, 50(5) 1705-1712. 
 Additionally, for the first time, a photocatalytically active linker molecule, 12-
phosphotungstic acid (PTA), was employed as a UV-switchable reducing agent for the 
decoration of TiO2 particles and nanotubes with a variety of metal nanoparticles, 
demonstrating the profound impact a sandwiched PTA layer between TiO2 and metal 
nanoparticles can have on the photocatalytic performance of such nanocomposite system. 
(Pearson et al. Langmuir, 2011, 27(11), 6661-6667 and Pearson et al. Langmuir, 2011, 
27(15), 9245-9252). 
6.3     Potential for future work 
Considering the broad scope of the work contained within this thesis, the possibilities 
for considerable advances in a number of areas are numerous. 
The galvanic replacement reactions explored in ionic liquids have as yet been 
restricted to a single ionic liquid ([BMIM][BF4]), with the considerable number of ionic 
liquids being manufactured in readily available quantities it seems logical that the galvanic 
replacement process described herein can be extended to ionic liquids with similar structures, 
yet different properties (for example [BMIM][PF6]) or ionic liquids with similar properties yet 
vastly different structures. By using many different ionic liquids to perform galvanic 
replacement reactions perhaps a much deeper understanding of the mechanisms through 
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which different ionic liquids interact with reaction intermediates can be obtained which will 
greatly increase our knowledge of galvanic replacement reactions. 
The experiments performed in this thesis also only contend with a single morphology 
of Ag nanoparticle, the sphere. Other morphologies of Ag nanoparticles such as cubes, rods 
and prisms all possess vastly different crystal structures with different abundances of specific 
crystal planes and exploration of these different shapes could provide a better understanding 
of the shape guiding mechanisms. By exploring galvanic replacement reactions on these 
different nanoparticle shapes in ionic liquids new and exciting materials with tailored 
morphologies may be synthesised with significant applications in various arenas of life. 
As previously mentioned CuTCNQ has largely been restricted to field emission and 
switching devices. Now that CuTCNQ microrods decorated with gold nanoparticles have 
been demonstrated as effective catalysts for the photodegradation of organic dyes the 
potential for CuTCNQ decorated with different noble metals such as silver, platinum and 
palladium can be explored. The approaches demonstrated in this thesis also open up the 
possibilities of using other metal-TCNQ semiconducting materials which may also have 
interesting applications in the fields of catalysis and sensing. 
A major factor pertaining to the cost of a catalytic process is the re-useability of the 
catalytic material, the benefits of employing arrays of TiO2 nanotubes which can be tailor 
designed for specific industrial/commercial processes and the ease at which the catalyst can 
be recovered and reused demonstrates the huge potential for metal decorated TiO2-PTA-M 
nanotubes for a bevy of industrial processes. 
Within Chapter 5, it is stated that one end of the TiO2 nanotube arrays employed was 
closed and therefore had significant ramifications for the decoration of metal nanoparticles on 
the surface of the nanotubes. While there are already processes which enable researchers to 
synthesise TiO2 nanotubes that are opened at both ends, these materials are as yet far too 
brittle for any solution based purposes, tending to snap and break away from the array. In the 
future, it may be possible to synthesise a robust class of TiO2 nanotubes, open at both ends, 
which can stand up to the rigors of an industrial/commercial process, whereby metal 
nanoparticles may be deposited within the walls of the nanotube itself which may lead to very 
exciting possibilities. 
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Now that we are able to increasingly manipulate the world in a dimension too small to 
be seen with the naked eye, the future holds a multitude of technological advancements, 
which, although they cannot be seen, must be watched. 
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Galvanic replacement mediated transformation of Ag nanospheres into
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We demonstrate an unusual shape transformation of Ag nano-
spheres into {111}-oriented Au–Ag dendritic nanostructures by a
galvanic replacement reaction in the ionic liquid (IL) 1-butyl-3-
methylimidazolium tetrafluoroborate ([BMIM][BF4]).
Size and shape-controlled synthesis of metal nanostructures is
currently one of the major goals in materials research, as it is
likely to have a significant impact upon the fields of catalysis,
sensing, photonics, optoelectronics and biology, due to their
unique size- and shape-tunable physico-chemical properties.1–4
Despite this, the challenge to fine-tune the shape of metal
nanostructures, and to understand the shape-guiding mecha-
nisms has been met with limited success.4 Recently, an elegant
galvanic replacement approach involving sacrificial metal
nanoparticles template as a reducing agent (e.g. Ag0), and
suitable metal ions as a selective etchant and reductant
(e.g. AuCl4
) has become popular that leads to hollow metal
nanostructures.5–8 These replacement reactions have so far
mostly been confined to aqueous and organic solvents,
wherein no significant solvent effect leading to changes in
the template structures has been observed.5–9 However, we
envisage that if regularly employed aqueous and organic
solvents are replaced with non-conventional (e.g. viscous)
solvents during replacement reactions, the reaction kinetics
may change significantly either due to restricted movement of
ions and/or stabilization of intermediate reaction species in
such solvents. Hence, this may lead to markedly different
reaction products and the ability to control shape anisotropy.
Ionic liquids (ILs) have recently become attractive reaction
media for the green synthesis of inorganic nanomaterials due
to their interesting physico-chemical properties including high
viscosity and a wide electrochemical window.10 Although a
few recent reports have explored electroless deposition of
metal onto metal substrates (e.g. Ag onto Cu substrate,11
and Au onto Zn plate12) in ILs, to the best of our knowledge,
galvanic replacement reactions for colloidal nanomaterials
have not yet been explored in highly viscous solvents like ILs,
which have immense potential to act as designer solvents for the
shape-controlled synthesis of anisotropic nanomaterials.
In this communication, we report for the first time, the
potential of an IL, namely [BMIM][BF4], as an elegant solvent
medium to perform galvanic replacement reactions, leading to
shape transformation of spherical Ag nanoparticles into
dendrite-like hierarchical flat Au–Ag nanostructures. The
comparison of the replacement reaction in [BMIM][BF4] with
that in water confirms that the choice of an appropriate
reaction medium can significantly impact upon the replace-
ment reactions. Notably, to the best of our knowledge, this is
the first time that such a significant galvanic replacement-
mediated shape transformation has been observed, and the
most pliable replacement reaction mechanism in [BMIM][BF4]
has been proposed to explain this solvent effect.
Illustrated in Fig. 1 are the typical TEM images of oleate-
capped Ag nanoparticles13 before and after galvanic replace-
ment with different molar concentrations of [AuBr4]
 ions in
the IL [BMIM][BF4] for 48 h (experimental details in ESIw).
Ag nanoparticles originally synthesized in water were of quasi-
spherical morphology with an average diameter of 15–20 nm
(Fig. S1A, ESIw) that do not undergo any significant
morphology change after centrifugation and dispersion in
the IL, and further storage up to 2 months (Fig. 1A).
However, on galvanic replacement in IL with increasing
concentrations of [AuBr4]
 ions (0.1, 1, and 10 M% in
Fig. 1B–F, respectively), spherical Ag nanoparticles under-
went a very unusual morphology transformation leading to
dendritic structures that are not observed when these reactions
are regularly performed in aqueous and organic solvents.5–8
To confirm our findings, comparative experiments were also
performed in water, wherein replacement reactions of Ag
nanoparticles with [AuBr4]
 ions leads to the formation of
thick-walled hollow Au–Ag nanoshells via a Ag template
dissolution and pin-hole forming mechanism (Fig. S1, ESIw).
The results of replacement reactions in water were similar to
those observed previously in aqueous and organic solvents.5–8
Fig. 1 TEM images of oleate-capped Ag nanoparticles in ionic liquid
[BMIM][BF4] before (A), and after galvanic replacement with
(B) 0.1 M%, (C and D) 1 M%, and (E and F) 10 M% of [AuBr4]

ions for 48 h.
School of Applied Sciences, RMIT University, GPO Box 2476V,
Melbourne, VIC, Australia. E-mail: vipul.bansal@rmit.edu.au,
suresh.bhargava@rmit.edu.au; Fax: 61 3 9925 2882;
Tel: 61 3 9925 2121
w Electronic supplementary information (ESI) available: Experimental
details, TEM, EDX, XRD, UV-Vis, LSVs. See DOI: 10.1039/b918866e
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During galvanic replacement in IL, exposure of Ag nano-
particles to a very low gold salt concentration (0.1 M%,
Fig. 1B) results in their size reduction from 15–20 nm to
ca. 10 nm, which is in stark contrast to that in water, wherein
a slight increase in particle size was observed (Fig. S1, ESIw).
Additionally, in IL these small nanospheres were seen to be
surrounded by 100–200 nm oblate and prolate nanospheroids
(Fig. 1B). The exact reason for simultaneous size reduction
and enhancement of Ag particles in the presence of such a
small concentration of [AuBr4]
 is not fully understood at this
stage, but there is a possibility of a [AuBr4]
 catalyzed
ripening process where larger particles form at the expense
of smaller particles, leading to a mixture of smaller and larger
particles.7 When the gold salt is increased to 1 M%,
Fig. 1C–D, unusual branched structures surrounded by small
nanospheres are observed, which appear to be the backbone of
these branched structures. A further increase in gold salt to
10 M% (Fig. 2E–F) results in complete consumption of
smaller nanospheres, leading to dendrite-like hierarchical
growth, which at higher magnification, appears to consist of
20–50 nm sized flat sheets (Fig. 2F). The corresponding lower
magnification image with multiple dendrite-like structures
without any smaller particles is shown in Fig. S2, ESI.w
EDX analysis of dendritic structures revealed that these
structures were Au–Ag composites (Fig. S3, ESIw). XRD
analysis further showed their preferential orientation along
the {111} crystallographic plane, thus reaffirming the flat sheet
morphology of individual particles in the dendritic ensemble
(Fig. 1F and Fig. S4, ESIw). Conversely, the hollow Au–Ag
particles formed in water did not show any such oriented
growth.
Illustrated in Fig. 2A is the UV-Vis absorbance study of
galvanical replacement of Ag nanoparticles with [AuBr4]
 ions
in IL. In water, the Ag nanospheres show a sharp SPR feature
with a peak at ca. 425 nm, which is attributable to 15–20 nm
spherical Ag nanoparticles (curve 1). Upon dispersion of Ag
nanospheres into IL, the Ag SPR is broadened and red-shifted
to 470 nm (curve 2). Since under TEM no aggregation of Ag
nanospheres dispersed in IL was observed even after two
months of storage (Fig. 1A), the broadening and change in
Ag SPR can be mainly assigned to a medium dielectric effect.2
With the addition of 0.1 M% [AuBr4]
, the Ag SPR is slightly
blue-shifted to ca. 465 nm (curve 3), which further dampens
and is continuously blue-shifted to ca. 437 nm (curve 4) and
ca. 390 nm (curve 5) on increasing [AuBr4]
 concentration to
1 M% and 10 M%, respectively. The dampening in Ag SPR is
due to continuous oxidation of Ag0 by [AuBr4]
 ions, and the
blue shifts corroborates well with a recent galvanic replace-
ment study in water employing AuCl2
 (AuI) instead of
AuCl4
 (AuIII).7 Also noteworthy is the appearance of two
shoulders at ca. 590 nm and 705 nm (curves 4 and 5), which
can be attributed either to the anisotropic nanostructures
observed under TEM (Fig. 1C–F) or to particle aggregation/
organization effects.4 For comparison, UV-Vis experiments
for replacement reactions in water were also performed that
showed similar results as reported previously,5 and are
detailed in Fig. S5, ESI.w
The TEM, XRD and UV-Vis analyses show a stark differ-
ence between the Au–Ag nanostructures synthesized in water
and IL. As is evident from this study, galvanic replacement
using the same oleate-capped Ag nanoparticles results in
commonly-observed hollow nanoshells in water (Fig. S1,
ESIw), but results in flat dendritic structures in [BMIM][BF4]
(Fig. 1). Such a remarkable difference observed in these two
solvent systems suggests the involvement of a significantly
different replacement mechanism in ILs than that in aqueous
and organic solvents. The replacement mechanism between Ag
nanoparticles and [AuBr4]
 ions in water and organic solvents
is well established and can be described by stoichiometric
oxidation of three Ag atoms by one [AuBr4]
:
3Ag0 + [AuBr4]
- Au0 + 3AgBrk + Br. (1)
Conversely, ILs have interesting physico-chemical properties
such as very high viscosity and high ionicity that can play an
important role during replacement reactions by way of
controlling the diffusion of reactants through its increased
viscosity, and/or stabilization of intermediate ionic species in
ILs. Previous studies in aqueous solutions have shown that the
speciation of gold halide salts can change considerably as a
function of pH14 and therefore linear sweep voltammetry
(LSV) was employed to study the reduction of [AuBr4]
 to
Au0 in water and in [BMIM][BF4] (Fig. 2B). LSV in water
showed a behavior typical of a three electron reduction process
(inset, Fig. 2B), similar to that reported previously for gold
halide salts in aqueous solutions,15 and can be described by
{[AuBr4]
 + 3e- 3Au0 + 4Br}. In contrast, the electro-
reduction of [AuBr4]
 in [BMIM][BF4] showed significantly
different behavior (Fig. 2B), wherein two reduction processes
comprising of a 2 electron process {[AuBr4]
 + 2e -
[AuBr2]
 + 2Br} followed by a 1 electron process
{[AuBr2]
 + e - Au0 + 2Br} were observed at 0.25 and
0.65 V, respectively.16 The magnitude of the first peak is
around twice that of the second peak and can be attributed to
a 2 electron process followed by a 1 electron process.
To obtain further insights about the Ag oxidation process,
LSV for Ag oxidation was also carried out in the absence
of [AuBr4]
 both in aqueous medium and [BMIM][BF4].
Interestingly, we observed that in [BMIM][BF4], Ag has only
Fig. 2 (A) UV-Vis spectra of Ag nanoparticles in water (curve 1), and
IL before (curve 2) and after galvanic replacement with 0.1 M% (curve 3),
1 M% (curve 4), and 10 M% of KAuBr4 (curve 5) in IL. (B) LSVs
recorded at a GC electrode at 10 mV s1 for the electroreduction of
10 mM KAuBr4 in IL [BMIM][BF4] (main figure) and in H2O (inset).
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sufficient reducing power to drive the reduction of [AuBr4]
 to
[AuBr2]
, but it cannot drive its further reduction towards Au0
(Fig. S6, ESIw). Therefore the LSV data suggests that when Ag
is oxidized in the IL, 2 Ag atoms are consumed for every
[AuBr4]
 ion that is reduced to [AuBr2]
 (Scheme 1). Notably,
the reaction in water results in consumption of 3 Ag atoms for
direct reduction of [AuBr4]
 ion to Au0 (eqn (1)). The
generation of [AuBr2]
 in IL [BMIM][BF4] is however prone
to disproportionation17 via:
3[AuBr2]
- [AuBr4]
 + 2Au0 + 2Br. (2)
Moreover, the replacement mechanism in IL is further
complicated due to simultaneous co-occurrence of multiple
reactions in a complex equilibrium environment, as proposed
in Scheme 1. During the course of Ag oxidation by [AuBr4]
 in
the IL, [AuBr2]
, Ag+ and Br ions are initially generated
(step 1). The Ag+ and Br ions can undergo a series of
reactions in the imidazolium [BMIM]-based ILs to form a
soluble [BMIM]+[AgBr2]
 complex.18 The possible formation
of AgBr onto Ag nanoparticles surface (step 2) and its further
dissolution by forming a soluble complex (step 3) might be
partly responsible for the Ag template size reduction as was
observed under TEM. Additionally, considering the known
slow nature of the [AuBr2]
 disproportionation reaction in IL
(eqn (2)),17 and its strong dependence on the relative over-
potential available for the nucleation of resulting Au0 required
to drive the forward reaction,19 it is most likely that the defect
sites generated on Ag nanoparticles after AgBr dissolution can
provide a facile surface for the nucleation of Au0 generated via
disproportionation (step 4). Moreover, new [AuBr4]
 ions will
be continuously regenerated through this disproportionation
reaction (step 5), that will again undergo the whole series of
aforementioned reaction steps. It is through the complex
interplay between these parallel competing reactions that the
Au0 atoms nucleate onto Ag nanoparticles, wherein it becomes
extremely difficult for the intermediate reaction species to
attain the state of equilibrium, particularly due to slow
diffusion of reactant species (ions and nanoparticles) in the
increased viscosity of IL. How these Ag/Au units organize
together in the IL to form elaborate microscale dendritic
structures is still questionable and under investigation.
However, previous studies have shown that self-organization
in solutions leading to dendrite-like growth is strongly
promoted when the reaction conditions are farther from
attaining equilibrium, and reaction kinetics is mainly
dominated by a diffusion-limited process.20 In our study in
the IL, under non-equilibrium conditions, the driving force for
crystallization most possibly becomes governed by a diffusion-
limited process due to increased viscosity, leading to closely-
packed supersaturated reaction sites within the IL, thus
promoting self-organization. Therefore, the rate of crystal
formation is diminished and crystals undergo an interesting
fractal-like morphology transformation through self-organization
that results in the formation of hierarchical Au–Ag dendritic
nanostructures (step 6).
In summary, we have demonstrated that the choice of an
appropriate solvent system during galvanic replacement
reactions can lead to significantly different morphologies of
the resultant nanostructures. When Ag nanoparticles were
galvanically replaced with [AuBr4]
 ions in the ionic liquid
[BMIM][BF4], unusual {111}-oriented dendritic structures
could be synthesized, indicating an interesting self-organization
growth of the crystals in IL. By exploring the mechanisms of
dendritic crystal growth, we propose that in viscous solvents
like ionic liquids, the crystal growth is mainly governed by a
diffusion-limited process, thereby leading to very different
reaction kinetics than that in water and hence markedly
different reaction products. The further exploration of these
reactions in ionic liquids might shed significant light on
crystallization and biomineralization processes.
VB thanks the Australian Research Council (ARC) for
APD Fellowship and financial support through the ARC
Discovery Project DP0988099.
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Galvanic Replacement of Semiconductor Phase I CuTCNQ Microrods with KAuBr4
to Fabricate CuTCNQ/Au Nanocomposites with Photocatalytic Properties
Andrew Pearson, Anthony P. O’Mullane,* Vipul Bansal,* and Suresh K. Bhargava*
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In this study, the reaction of semiconductor microrods of phase I copper 7,7,8,8-tetracyanoquinodimethane (CuTCNQ)
with KAuBr4 in acetonitrile is reported. It was found that the reaction is redox in nature and proceeds via a galvanic
replacement mechanism in which the surface of CuTCNQ is replaced with metallic gold nanoparticles. Given the slight
solubility of CuTCNQ in acetonitrile, two competing reactions, namely CuTCNQ dissolution and the redox reaction with
KAuBr4, were found to operate in parallel. An increase in the surface coverage of CuTCNQ microrods with gold
nanoparticles occurred with an increased KAuBr4 concentration in acetonitrile, which also inhibited CuTCNQ
dissolution. The reaction progress with time was monitored using UV-visible, FT-IR, and Raman spectroscopy as
well as XRD and EDX analysis, and SEM imaging. The CuTCNQ/Au nanocomposites were investigated for their
photocatalytic properties, wherein the destruction of Congo red, an organic dye, by simulated solar light was found
dependent on the surface coverage of gold nanoparticles on the CuTCNQ microrods. This method of decorating
CuTCNQ may open the possibility of modifying this and other metal-TCNQ charge transfer complexes with a host of
other metals which may have significant applications.
1. Introduction
Metal-organic semiconducting materials based on charge
transfer complexes of metal-7,7,8,8-tetracyanoquinodimeth-
ane (TCNQ) have received considerable attention over the
past 40 years, with a particular resurgence in interest in the
past fewyears through theworkofDunbar et al.,Miller et al.,
and Bond et al.1-19 In particular, CuTCNQ has been the
subject of intensive research given the observation of a
switching effect from a high to low impedance state upon
the application of an electric field or optical excitation.20-25 It
has also been demonstrated that CuTCNQ can exist in two
phases, namely, phase I that has a room temperature con-
ductivity of 0.2 S cm-1 and phase II with a conductivity of
10-5 S cm-1. There have been many attempts to synthesize*To whom correspondence should be addressed. E-mail: vipul.
bansal@rmit.edu.au (V.B.); anthony.omullane@rmit.edu.au (A.P.O.);
suresh.bhargava@rmit.edu.au (S.K.B.).
(1) Heintz, R. A.; Zhao, H.; Ouyang, X.; Grandinetti, G.; Cowen, J.;
Dunbar, K. R. Inorg. Chem. 1999, 38, 144–156.
(2) Zhao, H.; Heintz, R. A.; Ouyang, X.; Grandinetti, G.; Cowen, J.;
Dunbar, K. R.NATOASI Ser., Ser. C:Math. Phys. Sci. 1999, 518, 353–376.
(3) O’Kane, S. A.; Clerac, R.; Zhao, H.; Ouyang, X.; Galan-Mascaros,
J. R.; Heintz, R.; Dunbar, K. R. J. Solid State Chem. 2000, 152, 159–173.
(4) Miyasaka,H.;Motokawa,N.;Matsunaga, S.;Yamashita,M.; Sugimoto,
K.; Mori, T.; Toyota, N.; Dunbar, K. R. J. Am. Chem. Soc. 2010, 132, 1532–
1544.
(5) Clerac, R.; O’Kane, S.; Cowen, J.; Ouyang, X.; Heintz, R.; Zhao, H.;
Bazile, M. J., Jr.; Dunbar, K. R. Chem. Mater. 2003, 15, 1840–1850.
(6) Wang, X.; Liable-Sands, L. M.; Manson, J. L.; Rheingold, A. L.;
Miller, J. S. Chem. Commun. 1996, 1979–1980.
(7) Vickers, E. B.; Selby, T. D.; Thorum, M. S.; Taliaferro, M. L.; Miller,
J. S. Inorg. Chem. 2004, 43, 6414–6420.
(8) Vickers, E. B.; Giles, I. D.; Miller, J. S. Chem. Mater. 2005, 17, 1667–
1672.
(9) Garcia-Yoldi, I.; Miller, J. S.; Novoa, J. J. J. Phys. Chem. A 2009, 113,
7124–7132.
(10) Neufeld, A. K.;Madsen, I.; Bond, A.M.; Hogan, C. F.Chem.Mater.
2003, 15, 3573–3585.
(11) Neufeld, A. K.; O’Mullane, A. P.; Bond, A. M. J. Am. Chem. Soc.
2005, 127, 13846–13853.
(12) Harris, A. R.; Neufeld, A. K.; O’Mullane, A. P.; Bond, A. M.
J. Mater. Chem. 2006, 16, 4397–4406.
(13) O’Mullane, A. P.; Neufeld, A. K.; Harris, A. R.; Bond, A. M.
Langmuir 2006, 22, 10499–10505.
(14) Harris, A. R.; Nafady, A.; O’Mullane, A. P.; Bond, A. M. Chem.
Mater. 2007, 19, 5499–5509.
(15) Nafady, A.; Bond, A. M.; Bilyk, A.; Harris, A. R.; Bhatt, A. I.;
O’Mullane, A. P.; De Marco, R. J. Am. Chem. Soc. 2007, 129, 2369–2382.
(16) O’Mullane, A. P.; Fay, N.; Nafady, A.; Bond, A. M. J. Am. Chem.
Soc. 2007, 129, 2066–2073.
(17) Nafady, A.; Bond, A. M. Inorg. Chem. 2007, 46, 4128–4137.
(18) Zhao, C.; MacFarlane, D. R.; Bond, A. M. J. Am. Chem. Soc. 2009,
131, 16195–16205.
(19) Nafady, A.; Bond, A. M.; O’Mullane, A. P. Inorg. Chem. 2009, 48,
9258–9270.
(20) Potember, R. S.; Poehler, T. O.; Benson, R. C.Appl. Phys. Lett. 1982,
41, 548–50.
(21) Xiao, K.; Ivanov, I. N.; Puretzky, A. A.; Liu, Z.; Geohegan, D. B.
Adv. Mater. 2006, 18, 2184–2188.
(22) Muller, R.; Genoe, J.; Heremans, P. Appl. Phys. Lett. 2006, 88,
242105.
(23) Muller, R.; De Jonge, S.; Myny, K.; Wouters, D. J.; Genoe, J.;
Heremans, P. Solid-State Electron. 2006, 50, 602–606.
(24) Oyamada, T.; Tanaka, H.; Matsushige, K.; Sasabe, H.; Adachi, C.
Appl. Phys. Lett. 2003, 83, 1252–1254.
(25) Liu, H.; Liu, Z.; Qian, X.; Guo, Y.; Cui, S.; Sun, L.; Song, Y.; Li, Y.;
Zhu, D. Cryst. Growth Des. 2009, 10, 237–243.
1706 Inorganic Chemistry, Vol. 50, No. 5, 2011 Pearson et al.
CuTCNQ in various morphologies using chemical, electro-
chemical, and photochemical techniques; however, to date
there has been little or no attempt to modify the surface of
CuTCNQ once it has been formed.26 Moreover, the applica-
tion of CuTCNQ has been almost exclusively limited to
switching and field emission devices.20-30 However, in many
instances, the modification of semiconducting materials with
metallic nanoparticles achieved by physical, chemical, or
electrochemical methods can open up the use of these
semiconductor/metal composites to a wide variety of areas
such as catalysis and sensing. For example, it is well docu-
mented that metal oxides such as TiO2, SnO2, and ZnO,
which are utilized as supports for metal nanoparticles, are
extremely effective photocatalysts for the removal of organic
pollutants.31-33
A relatively recently explored area for the surface mod-
ification of films and solution-based nanomaterials is an
elegant galvanic replacement process, in which two main
approaches have thus been explored. In the first approach,
sacrificial metal templates such as Ag, Co, Ni, and Cu are
replacedwith noblemetals such asAu, Pd, andPt to fabricate
bimetallic colloids and surfaces. This has led to a variety of
colloidal materials that can be hollow, highly porous, or
dendritic in nature and nanostructured surfaces that show
significant porosity or are decorated with spherical nanopar-
ticles, continuous films, or dendrites.34-43 The second ap-
proach is the replacement of Si surfaces withmetals ions such
as Au, Pd, Pt, Cu, andNi. This approach is carried out in the
presence of fluoride ions, which generally employs highly
corrosive hydrofluoric acid (HF), to facilitate the formation
of SiF6
2-, thus alleviating any formation of SiO2 that would
inhibit the reaction.44 In general, the oxidation of Si to SiF6
2-
is accompanied by a charge transfer through Si that allows
metal deposition to occur at a different site on the surface,
which is usually favored at defect sites.44 It is also found that
there can be significant roughening of the semiconducting
surface using such an approach. In all cases, the thermo-
dynamic driving force for the reaction is provided by the
lower standard potential of the sacrificial metal/metal ion
couple in comparison with that of the solution-based metal/
metal ion couple.
However, to the best of our knowledge, the second
approach has hitherto been limited to the traditional semi-
conducting materials used in the microelectronics industry
such as Si, Ge, and GaAs. Moreover, this approach typically
requires the use of corrosive HF to achieve galvanic re-
placement on semiconductingmaterials. In the current study,
we have utilized the galvanic replacement approach for the
first time to decorate semiconductor phase I CuTCNQ
microrods with Au nanoparticles without involving HF dur-
ing the process, wherein we have demonstrated that the
surface coverage of CuTCNQ microrods with Au nanopar-
ticles can be feasibly fine-tuned by controlling the gold salt
concentration in the solution. It is also demonstrated that the
phase I CuTCNQ/Au composite shows significant activity
toward the photocatalytic degradation of organic dyes such
as Congo red, whichmay open up the possibility of using this
type of material for many other photocatalytic applications.
2. Methodology
Materials.Copper metal foil (99%purity) was obtained from
ChemSupply. 7,7,8,8-Tetracyanoquinodimethane (TCNQ)was
obtained from Fluka. Potassium tetrabromoaurate (KAuBr4 3
3H2O), Congo red, and 4-nitrophenol were obtained from
Sigma-Aldrich, and acetonitrile was obtained from BDH
Chemicals. Copper foil was treated with dilute nitric acid, rinsed
with water, and dried with a flow of nitrogen immediately prior
to use. All other chemicals were used as receivedwithoutmodifi-
cation.
Phase I CuTCNQ Synthesis. A 12  1.5  0.05 cm3 strip of
copper foil was first immersed in dilute nitric acid to facilitate
the removal of any oxide species on the copper surface. The
copper foil was then washed with deionized water and immedi-
ately placed in 50 mL of a 5 mMTCNQ solution in acetonitrile.
The surface of the copper foil was observed to turn black in color
with a dark bluish/purplish tinge, indicating the formation of
CuTCNQ, and the reaction was allowed to proceed for 1 h. The
CuTCNQ foil was then washed three times with deionized water
and dried under nitrogen. After the CuTCNQ foil was suffi-
ciently washed and dried, the 12  1.5 cm2 piece of foil was cut
into eight 1.5 1.5 cm2 pieces to ensure that all subsequent
experiments were performed on the same batch of CuTCNQ.
Galvanic Replacement of CuTCNQ with KAuBr4. Six 1.5 
1.5 cm2 pieces of CuTCNQ were each added to separate solu-
tions containing increasing concentrations (1 μM, 10 μM,
50 μM, 100 μM, 500 μM, and 1 mM) of KAuBr4 in 5 mL of
acetonitrile. The galvanic replacement reaction between
CuTCNQ and KAuBr4 was then allowed to proceed for 4 h.
After 4 h, the pieces of CuTCNQ were removed from solution
and washed three times with deionized water to remove any
residual KAuBr4 or dissolved CuTCNQ. The solutions ob-
tained after the galvanic replacement reaction were later ana-
lyzed by UV-visible spectroscopy (Cary 50 Bio spectro-
photometer). The galvanically replaced CuTCNQ substrates
were examined without any further modification using scanning
electron microscopy (FEI NovaSEM), electron dispersive
X-rays (EDX performed on an FEI NovaSEM instrument
coupled with an EDX Si(Li) X-ray detector), X-ray photoelec-
tron spectroscopy (Thermo K-Alpha XPS instrument at a
pressure better than 1  10-9 Torr with core levels aligned with
(26) Liu, H.; Cui, S.; Guo, Y.; Li, Y.; Huang, C.; Zuo, Z.; Yin, X.; Song,
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a C 1s binding energy of 285 eV), X-ray diffraction (XRD;
Bruker AXS D8 Discover with General Area Detector Diffrac-
tion System), Fourier transform infrared spectroscopy (FT-IR
Perkin-Elmer Spectrum 100), andRaman spectroscopy (Perkin-
Elmer Raman Station 200F). In a control experiment, pristine
CuTCNQ microrods grown onto copper foil were immersed in
acetonitrile for 4 h to follow its spontaneous dissolution in
acetonitrile. In another control experiment, to observe the effect
of copper foil on the galvanic replacement reaction, CuTCNQ
crystals grown onto copper foil were separated by scratching the
surface, followed by the galvanic replacement of 1 mg of
CuTCNQ powders (in the absence of Cu foil) with increasing
concentrations (1 μM, 10 μM, 50 μM, 100 μM, 500 μM, 1 mM,
and 10 mM) of KAuBr4 in 5 mL of acetonitrile for 4 h.
Photocatalytic Experiments. The photocatalytic activity of
the galvanically replaced phase I CuTCNQ substrates was
examined by immersing a 1.5  1.5 cm2 piece of CuTCNQ in
a 5mL, 50μMaqueous solution of the organic dye, “Congo red”
(CR), and recording the intensity of the characteristic absorp-
tionmaxima at ca. 500 nmafter exposure to simulated solar light
(based on equator conditions) for a period of 30 min. An Abet
Technologies LS-150 Series 150W Xe Arc lamp source with a
condensing lens was used with the sample placed in a quartz vial
at a distance of 7 cm from the source with slow mechanical
stirring to promote mixing of the solution. After 30 min of
irradiation, the composite was removed by centrifugation, and
the remaining solution was examined by UV-vis spectroscopy.
Additionally, the degradation of Congo red dye as a function of
photoreaction time was monitored by total organic carbon
(TOC) measurements for the CuTCNQ/Au sample prepared
by reacting with 1 mM KAuBr4. The TOC measurements were
performed using a Sievers instrument.
3. Results and Discussion
The formation of phase I CuTCNQ through the sponta-
neous electrolysis technique has been well documented in
previous studies.30,45 Illustrated in Figure 1a are phase I
CuTCNQ microrods that have been formed through the
reaction of copper foil with an acetonitrile solution contain-
ing 5mMTCNQ. It can be clearly seen that a dense coverage
of CuTCNQ microrods that grow outward from the surface
has been achieved. The rods have an average square cross-
section of 1 1 μmwith faceted corners and are 10-20 μm in
length. Lower magnification SEM images are shown in the
Supporting Information (Figure S1-a1), which demonstrate
a uniform distribution of CuTCNQmicrorods on the copper
foil surface. The C, N, O, and Cu signals arising from these
microrods in EDX analysis suggest that the observed struc-
tures are CuTCNQ crystals (Supporting Information, Figure
S2, curve a). FT-IR spectroscopy analysis further confirms
that the microrods are composed of phase I CuTCNQ, with
characteristic vibration modes at 2199, 2171, and 825 cm-1
(Supporting Information, Figure S3, curve a).1
The reaction of phase I CuTCNQ with KAuBr4 was then
undertaken in an acetonitrile solution containing different
concentrations of the gold salt. However, given that
CuTCNQ is slightly soluble in acetonitrile to an estimated
concentration of 0.14 mM,46 the Cu foil with CuTCNQ
microrods grown on both sides was first immersed in acet-
onitrile for 4 h to follow its dissolution. It can be seen in
Figure 1b and Figure S1-b1 (Supporting Information) that
the CuTCNQ microrods dissolve in acetonitrile to leave
behind a mixture of hollow microtubes with a wall thickness
of ca. 50 nm and vertically oriented long plate-like structures
that result from dissolution of three out of four long edges of
the microrods. Interestingly, during CuTCNQ dissolution in
acetonitrile, the length of the CuTCNQ microrods was not
observed to change significantly. This type of effect has been
observed by Liu and co-workers, who monitored CuTCNQ
formation over time using the spontaneous electrolysis meth-
od. It was found that the dissolution rate eventually exceeds
the formation rate, resulting in the formation of hollow
CuTCNQ tubes.45 Here, the only process occurring is the
dissolution process, which is analogous to pitting corrosion
Figure 1. Scanning electron microscopy (SEM) images of (a) pristine
CuTCNQ microrods; (b) CuTCNQ microrods immersed in acetonitrile
for 4 h; and CuTCNQ microrods reacted with (c) 1 μM, (d) 10 μM,
(e) 50 μM, (f) 100 μM, (g) 500 μM, and (h) 1 mMKAuBr4 in acetonitrile.
Scale bars correspond to 2 μm.
(45) Liu, Y.; Li, H.; Ji, Z.; Kashimura, Y.; Tang, Q.; Furukawa, K.;
Torimitsu, K.; Hu, W.; Zhu, D. Micron 2007, 38, 536–542.
(46) Harris, A. R.; Neufeld, A. K.; O’Mullane, A. P.; Bond, A. M.;
Morrison, R. J. S. J. Electrochem. Soc. 2005, 152, C577–C583.
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and results in the rapid formation of CuTCNQ microtubes.
Upon the addition of 1 μM KAuBr4 in acetonitrile, the
CuTCNQ microrods undergo a similar morphology change
to that observed when no KAuBr4 is present, whereby well-
defined hollow CuTCNQ rods are observed with smooth,
thinwalls of ca. 50 nm in thickness (Figure 1c). Increasing the
concentration of KAuBr4 to 10 μM also results in etching of
the CuTCNQ rods to form a pseudo-hollow structure;
however, the degree ofCuTCNQdissolution into acetonitrile
is observed to be significantly less than that observed for the
lower concentration (1 μM) of KAuBr4, as it can be seen that
the etching has only partly dissolved the interior of the
CuTCNQ rod (Figure 1d). The addition of 50 μM KAuBr4
shows similar dissolution of CuTCNQ by acetonitrile com-
pared to that observed for both 1 μM and 10 μM KAuBr4
additions. However, the exterior walls of the CuTCNQ rods
appear to undergo a transformation whereby the surface has
become roughened by the deposition of sub-100-nm quasi-
spherical nanoparticles (Figure 1e). These particles were
confirmed to be Au by EDX analysis (Figure S2, Supporting
Information) and can be more clearly seen in a side view
image shown in the Supporting Information (Figure S1-e2).
It is also of note that the dissolution of CuTCNQ has
occurred primarily in the center of the CuTCNQ microrods
at a square offset at ca. 90 to the microrods themselves.
Increasing the KAuBr4 concentration to 100 μM results in
the deposition of large 100-200 nm quasi-spherical Au
particles with an increased density on the surface of the
etched CuTCNQ microrods, where the etching has been
significant enough to split the rod into four prongs, where
the four corners of the CuTCNQ rod had once been con-
nected (Figure 1f andFigure S1-f1, Supporting Information).
Interestingly, further increasing the KAuBr4 concentration
to 500 μM during the reaction inhibits the etching process,
thereby resulting in only minor etching at the top of the
CuTCNQ rods while the surface appears roughened with the
deposition of both large (100-200 nm) and small (sub-100
nm) quasi-spherical gold particles (Figure 1g). This effect
becomes more pronounced when the KAuBr4 concentration
is further increased to 1 mM, which results in a significant
increase in the number of Au nanoparticles decorating the
surface of the CuTCNQmicrorods, while little to no dissolu-
tion of CuTCNQ is observed (Figure 1h). At the highest
KAuBr4 concentration, the decoration with Au nanoparti-
cles begins at the top of the CuTCNQ rods where almost
complete coverage is observed and becomes sparser further
down the CuTCNQ rod to the substrate surface.
The formation of Au nanoparticles on the surface of
CuTCNQ during the reaction was also established by EDX
analysis, which shows a continuous increase in the signature
for Au upon increasing the gold salt concentration used
during the reaction (Supporting Information, Figure S2).
The FT-IR spectral analysis showed only the presence of
phase I CuTCNQunder all conditions, illustrating that phase
I CuTCNQ is not converted to phase II CuTCNQduring the
galvanic replacement reaction (Supporting Information,
Figure S3). The nature of the CuTCNQ/Au nanocomposite
after reaction between phase I pristine CuTCNQcrystals and
highest KAuBr4 concentration used in this study (1mM) was
further verified using X-ray photoelectron spectroscopy
(XPS), which is a highly surface sensitive technique and can
provide crucial information about chemical species present in
the system.47 XPS analysis for Cu 2p and Au 4f core levels of
the CuTCNQ/Au nanocomposite shown in Figure 1h is
exhibited in Figure 2. The Cu 2p core level (Figure 2a)
showed two characteristic 2p3/2 and 2p1/2 splitting compo-
nentswith sharp peaks arising at binding energies (BEs) of ca.
933.8 and 953.7 eV, respectively, which correspond to phase I
CuTCNQ.30 Additionally, no significant signature corre-
sponding to shakeup satellites due to Cu2þ was observed,
suggesting that the products remain predominantlyCuþ even
after galvanic replacement with the highest concentration of
Au3þ ions.30 Moreover, XPS measurements also confirmed
that the product formed after galvanic replacement essen-
tially remains as phase I CuTCNQwithout any signatures of
CuBr formation, because in CuBr, the Cu 2p3/2 component is
expected at 932.4 eV,48 which is 1.4 eV lower than that
observed in our system. Similar to Cu 2p, the Au 4f core
level could be split into 4f7/2 and 4f5/2 components with a
major 4f7/2 BE feature at ca. 84.7 eV, which is a characteristic
of Au0,49 thus further confirming the formation of Au
nanoparticles during the galvanic replacement reaction.
Given the substantial dissolution of CuTCNQ that seems
to occur during the reaction with lower concentrations of
KAuBr4, the reaction solutions were monitored with UV-
visible spectroscopy (Figure 3). Initially, a UV-vis spectrum
of a solution in which a CuTCNQ substrate was immersed in
acetonitrile for 4 h was recorded (brown curve). It is evident
that a spectrum typical of TCNQ- ions in solution is
recorded where several characteristic peaks above a wave-
length of 600 nm are observed with a major peak at ca.
745 nm, a secondary peak at ca. 765 nm, and a shoulder at ca.
725 nm. Additional features over the 400-450 nm wave-
length range can also be seen, which are indicative of TCNQ-
ions.50 This indicates that CuTCNQ dissolves to form
TCNQ- andCuþ ions in acetonitrile, where the latter species
is assumed due to the high stability of Cuþ in this solvent.46
As a reference, a UV-vis spectrum of 5 mM TCNQ in
acetonitrile was also collected (orange dotted curve), which
shows a typical strong absorption band centered at 390 nm
and no evidence of spectral features above 650 nm,
thus corroborating well with previous observations.16,50
Figure 2. XPS analysis showing the (a) Cu 2p and (b) Au 4f core levels
from CuTCNQ/Au nanocomposite obtained after the reaction of
CuTCNQ crystals with 1 mMKAuBr4 in acetonitrile.
(47) Bansal, V.; Syed, A.; Bhargava, S. K.; Ahmad, A.; Sastry, M.
Langmuir 2007, 23, 4993–4998.
(48) Yang, M.; Zhu, J.-J.; Li, J.-J. J. Crys. Growth 2004, 267, 283–287.
(49) Joshi, H.; Shirude, P. S.; Bansal, V.; Ganesh, K. N.; Sastry, M.
J. Phys. Chem. B 2004, 108, 11535–11540.
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UV-visible spectral analysis of the solutions in which
CuTCNQ samples were reacted with increasing concentra-
tions of KAuBr4 indicates that the intensities of all of the
features associated with TCNQ- above 650 nm decrease in
proportion to the amount of KAuBr4 added to the reaction,
thus indicating a decrease in the amount of TCNQ- dissol-
ving into acetonitrile. Significantly, upon the addition of
500 μM and 1 mM KAuBr4, the intensity of the peaks
attributable to TCNQ- falls to zero, which indicates that at
higher gold salt concentrations, either little or no TCNQ- is
dissolved into the solution. This observation is consistent
with the SEM images, which show little to no etching of the
CuTCNQ microrods at higher gold salt concentrations
(Figure 1g and h). Similarly, in the 400-450 nm wavelength
range, peaks attributable to TCNQ- are also observed to
decrease, whereas a feature at 390 nm is observed to increase
in intensity with increasing gold salt concentration. This is
interesting, as it suggests the possibility of neutral TCNQ
formation during the reaction of phase I CuTCNQ with
KAuBr4, which is highly soluble in acetonitrile. This feature
at 390 nm becomes increasingly prominent with increasing
gold salt concentration. The possibility of residual TCNQ
from theCuTCNQsynthesis proceduremay play a slight role
butwould not account for the increasing intensity of the band
at 390 nmwith increasingKAuBr4 concentration. Theremay
also be a contribution from unreacted KAuBr4, whose
spectrum is also shown (blue dotted curve); however, this is
quite a broad feature (350 to 450 nm) and is not as sharp as
the band associated with neutral TCNQ. This provides a
strong argument in favor of the formation of a neutral TCNQ
species during the reaction betweenCuTCNQmicrorods and
KAuBr4 and suggests a galvanic replacement process does
occur.
The observation of Au nanoparticles on the surface of
CuTCNQ rods (Figure 1e-h) and aUV-vis spectral feature
associated with neutral TCNQ suggests that a redox reaction
occurs between phase I CuTCNQ and KAuBr4 via the
simultaneous reduction of Au3þ from KAuBr4 and the oxi-
dation of TCNQ- from CuTCNQ, whose rate is dependent
on the concentration of KAuBr4 used. A powerful method
used to probe differences between TCNQ and materials
containing TCNQ- anion radicals is Raman spectroscopy.
Illustrated in Figure 4 are Raman spectra of solid films of
pristine TCNQ crystals (spectrum a), pristine phase I
CuTCNQ (spectrum b), and CuTCNQ after being reacted
with 1 mM KAuBr4 (spectrum c). Pristine TCNQ crystals
exhibit four characteristic principle vibration modes at ca.
1200 cm-1 (CdCH bending), 1450 cm-1 (C-CN wing
stretching), 1600 cm-1 (CdC ring stretching), and ca. 2225
cm-1 (C-N stretching) (spectrum a), which correlate well
with the literature.51 For the CuTCNQ sample (spectrum b),
it can be seen that the C-CNwing stretching vibrationmode
is shifted to 1380 cm-1, and the C-N stretching band is
shifted to 2200 cm-1 in comparison with TCNQ (spectrum
a), both of which are indicative of TCNQ-. Significantly, for
CuTCNQ reacted with 1 mM KAuBr4 (spectrum c), the
presence of a C-CNwing stretching vibration mode at 1450
cm-1 illustrates the formation of neutral TCNQ (as seen in
spectrum a) and a small shifted feature at 1380 cm-1 (as seen
in spectrum b). The full Raman study involving reactions
with an increasing concentration of gold salt is illustrated in
the Supporting Information (Figure S4), which shows the
gradual appearance of the C-CN wing stretching vibra-
tion mode at 1450 cm-1 associated with TCNQ, as the
gold concentration is increased during the reaction. The 1450
cm-1 feature after reaction with gold salt can therefore be
confidently associated with a reaction product and not a
contaminant, as the pristine CuTCNQ sample (spectrum b)
shows no evidence of this band. This also suggests that, under
conditions employed in this study, most of the TCNQ that is
formed during the reaction is not liberated into the solution
as observed by UV-vis spectroscopic analysis (Figure 3).
To support the XPS results (Figure 2b) and to ensure that
the formation of metallic gold was achieved during the reac-
tion of CuTCNQ with KAuBr4, XRD spectra of CuTCNQ
reacted with the different gold salt concentrations was per-
formed (Figure 5). The pristine TCNQ powder (pattern a)
shows major peaks at 18.6, 24.2, 26.0, 27.5, 28.5, and
30.1 2θ that correspond to monoclinic TCNQ and agree
well with the literature (JCPDS card 00-033-1899). The
pristine CuTCNQ substrate (pattern b) shows two peaks at
16.0 and 18.0 2θ that are attributable to phase I CuTCNQ
Figure 4. Raman spectraof (a) TCNQcrystals drop cast ontoapolished
gold substrate, (b) unmodified CuTCNQ substrate, and (c) CuTCNQ
reacted with 1 mMKAuBr4.
Figure 3. UV-visible spectra of solutions obtained after galvanic re-
placement of CuTCNQ with increasing concentrations of KAuBr4 in
acetonitrile.
(50) Liu, S.-G.; Liu, Y.-Q.; Wu, P.-J.; Zhu, D.-B.; Tien, H.; Chen, K.-C.
Thin Solid Films 1996, 289, 300–305.
(51) Kai, X.; Jing, T.; Zhengwei, P.; Alex, A. P.; Ilia, N. I.; Stephen, J. P.;
David, B. G. Angew. Chem., Int. Ed. 2007, 46, 2650–2654.
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(00-054-1997). In addition to these two peaks, a collection of
three peaks at 22.5, 25.0, and 29.0 2θ can also be attributed
to CuTCNQ and correspond well with the literature.1 When
1 μM KAuBr4 is introduced (pattern c), little change is
observed in both the intensity and position of peaks, which
corresponds well with the SEM image shown in Figure 1c
that describes no significant decoration with gold particles.
As the concentration of KAuBr4 is increased to 10 μM
(pattern d), peaks attributed to CuTCNQ at 16.0, 18.0,
22.5, 25.0, and 29.0 2θ are observed to reduce in intensity.
This is consistent with the SEM images shown in Figure 1d
typifying the dissolution of CuTCNQ into the reaction
medium. Also of note is the appearance of a small peak
attributable to the [111] plane of face-centered cubic (fcc)
gold at 38 2θ (03-065-2870). A further increase of the
KAuBr4 concentration to 50 μM (pattern e) results in a
greater reduction in intensity of the peaks associated with
CuTCNQ, along with concomitant increase in the Au [111]
peak at 38.0with additional fccAu peaks at 44.5, 65.0, and
78.0 2θ corresponding to the [200], [220], and [311] crystal
planes, respectively. The addition of 100 μM KAuBr4
(pattern f) results in a further reduction in intensity of the
CuTCNQ peaks and an increase in the peaks associated with
metallic gold. Upon the addition of 500 μMKAuBr4 (pattern
g), an almost complete reduction in intensity of theCuTCNQ
peaks with a simultaneous increase in the intensity of the
fcc gold peaks is observed. Finally, the addition of 1 mM
KAuBr4 (pattern h) results in the increased intensity of a peak
at 27.5 2θ, which could be attributed to a combination of
both CuTCNQ and TCNQ peaks and an increase in those
attributed to fcc gold, which again correlates well with the
SEM image (Figure 1h).
4. Mechanism of Galvanic Replacement
The SEM, EDX, UV-visible, Raman, FT-IR spectrosco-
py, and XRD analyses demonstrate a stark difference in the
morphology and composition of both the reactant solution
and the CuTCNQ substrate as the concentration of KAuBr4
is increased during the galvanic replacement reaction,
suggesting a combination of two reaction mechanisms. In
the absence of KAuBr4, the CuTCNQ rods are observed to
dissolve in acetonitrile solvent to form hollow CuTCNQ
rods, indicating the dissolution of phase I CuTCNQ into the
solvent as described by eq 1:
CuTCNQðsÞ f Cu
þ þTCNQ- ð1Þ
Conversely, when KAuBr4 is introduced into acetonitrile,
the dissolution of CuTCNQ into the solvent is found to
reduce (signatures of TCNQ- ions are reduced) and the
amount of TCNQ0 formed in the solvent increases (UV-
vis spectroscopy, Figure 3). This suggests that a redox
reaction that is akin to a galvanic replacement process occurs
betweenCuTCNQandKAuBr4 and results in the decoration
of phase I CuTCNQ with Au particles, which can be
described by eq 2:
3CuTCNQþKAuBr4 f Au0þ 3TCNQ0þ 3CuBrþKBr
ð2Þ
It has been demonstrated by Bond et al.46 that CuTCNQ
oxidizes over a potential range of 0.500 to 0.700 V (vs SHE),
whereas the standard reduction potential for the AuBr4
-/Au
couple is 0.854 V (vs SHE),52 which provides enough driving
force for this reaction to be thermodynamically possible. The
possibility of AuBr4
- ions reacting with Cuþ ions to form
Au0 can be discounted, as Cuþ ions are highly stable in
acetonitrile and not readily oxidized where the standard
potential for the Cu2þ/Cuþ couple has been reported to be
1.291 V (vs SHE).46 Notably, this is the first time, to the best
of our knowledge, that the galvanic replacement of a semi-
conducting charge transfer complex has been reported. At
higher concentrations of KAuBr4 (>100 μM), it seems that
the galvanic replacement reaction is the dominant process,
which results in little CuTCNQ dissolution but in the
formation of neutral TCNQ that diffuses into the reactant
solution. Indeed the replacement reaction becomes so domi-
nant at the highest gold salt concentrations studied (1 mM)
that neutral TCNQ is found in the CuTCNQ/Au composite
(as seen by Raman and XRD analysis), suggesting that the
reaction is extremely rapid, which instantaneously covers any
TCNQ formed during the reaction with Au nanoparticles
and prevents its dissolution.
To rule out the possibility of pinholes in the CuTCNQ film
which might expose the underlying metallic copper film
where galvanic replacement could occur, CuTCNQ crystals
were removed from the surface of Cu foil and then directly
reacted with KAuBr4 in acetonitrile in the absence of Cu foil.
In this case also, the isolated CuTCNQmicrorods decorated
with Au nanoparticles were observed (Supporting Informa-
tion, Figure S5). The same general trend is observed in that
CuTCNQ decoration with Au particles becomes more sig-
nificant at higher gold salt concentrations, with interestingly
hollow cubic-shaped particles being formed at a higher
KAuBr4 concentration of 1 mM. The appearance of hollow
Au cubes during galvanic replacement of a semiconductor
CuTCNQ by metal ions is interesting and corroborates
well with previous galvanic replacement studies involving a
metal/metal ion couple.41 Interestingly, when the KAuBr4
concentration was further increased to 10 mM, a significant
Figure 5. XRD patterns of (a) pristine TCNQ crystals, (b) pristine
CuTCNQ microrods, and (c-h) CuTCNQ reacted with (c) 1 μM,
(d) 10 μM, (e) 50 μM, (f) 100 μM, (g) 500 μM, and (h) 1 mM KAuBr4.
Peaks corresponding to fcc gold planes have been labeled.
(52) Evans, D. H.; Lingane, J. J. J. Electroanal. Chem. 1963, 6, 1–10.
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increase in the decoration of CuTCNQ with Au cubes
was observed. The formation of such structures on the
CuTCNQ surface once again reaffirms the possibility of
performing galvanic replacement reactions on semiconduct-
ing surfaces.
The decoration of semiconducting materials such as TiO2
with metal nanoparticles to improve their photocatalytic
properties through better interfacial charge transport and
charge separation under band gap excitation conditions is
well established.53-56 Since the phase I CuTCNQ/Au micro-
rods synthesized in this study have not hitherto been re-
ported, the possibility of using such materials for the photo-
catalytic degradation of “Congo red”, an organic dye, was
explored in the presence of simulated solar radiation. The
molecular structures of phase I CuTCNQ and Congo red are
depicted in the Supporting Information (Figure S6). Shown
in Figure 6A are the photodegradation percentages of the
phase I CuTCNQ substrates galvanically replaced with
differing amounts of KAuBr4 after irradiation by solar light
for 30 min when compared with a stock solution containing
50 μM Congo red dye by taking the absorbance (Amax)
intensity of Congo red at 500 nm into account. When no
CuTCNQ substrate is present (a), the solar radiation causes
degradation of ca. 7% of the dye, which increases to ca. 12%
upon the introduction of an unmodified CuTCNQ substrate
(b), indicating that phase I CuTCNQ has a degree of photo-
catalytic activity. When the CuTCNQ substrate is galvani-
cally replaced with 1 μM KAuBr4 (c), the dye degradation
increases to ca. 28%. With increasing concentrations of
KAuBr4, the photodegradation of dye molecules is found
to increase to ca. 42% (d, 10μMKAuBr4), ca. 60% (e, 50μM
KAuBr4), and to amaximumof ca. 67%(f, 100 μMKAuBr4)
within 30 min of reaction. However, further increasing the
KAuBr4 concentration to 500 μMand 1mMKAuBr4 (g and
h, respectively) leads to a decrease in the photocatalytic
activity of the CuTCNQ/Au substrate to ca. 61% and ca.
51%, respectively, within 30min of reaction. It is well-known
that the extent of metal loading on the surface of a photo-
catalyst is correlated to the efficiency of thematerial, and that
above theoptimummetal content the efficiency is observed to
decrease.57 As such, great care must be taken to ensure that a
quantity of metal that provides optimum photocatalytic
activity is used for improved photocatalytic performance.
Although UV-vis spectroscopy experiments revealed signif-
icant degradation of Congo red in the presence of CuTCNQ/
Au nanocomposites, it is likely that the degradation products
of organic dyes might still be present in the solution in the
form of colorless organic products. Therefore, additional
measurements were performed wherein total organic car-
bon (TOC) contents of Congo red containing solutions were
determined in a time-dependent fashion after their exposure
to one of the CuTCNQ/Au nanocomposites (sample ob-
tainedusing 1mMKAuBr4). TheTOCmeasurements shown
in Figure 6B clearly indicate a more than 50% reduction in
the TOC content of the solution after 30 min of exposure to
the CuTCNQ/Au composite (Figure 6Bb), which further
reduces by 68% after 60 min (Figure 6Bc). In compari-
son, only a 21% reduction in TOC content was observed
whenCongo redwas exposed to simulated solar radiation for
3 h in the absence of the CuTCNQ/Au nanocomposite
(Figure 6Bd). This can be considered as highly significant
photocatalytic performance for a novel CuTCNQ/Au ma-
terial, which has not hitherto been reported for its photo-
catalytic properties. It is also noteworthy that although
traditional metal-decorated metal oxides such as TiO2
might achieve better photocatalytic performance than that
demonstrated by the CuTCNQ/Au system in our study, the
Figure 6. (A) Percentage photodegradation of 50 μMaqueous solution of the organic dye Congo red under simulated solar light conditions for 30min as
recorded byUV-vis spectroscopy: (a) Congo red, (b) pristine CuTCNQ, and (c-h) CuTCNQ reacted with (c) 1 μM, (d) 10 μM, (e) 50 μM, (f) 100 μM, (g)
500μM,and (h) 1mMKAuBr4. (B) Percentage total organic carbonobtained fromCongo red (a) before and (b-d) after its exposure to simulated solar light
for (b) 30 min and (c) 60 min in the presence of the CuTCNQ/Au nanocomposite and (d) 180 min in the absence of the CuTCNQ/Au nanocomposite.
(53) Dawson, A.; Kamat, P. V. J. Phys. Chem. B 2001, 105, 960–966.
(54) Du, L.; Furube, A.; Yamamoto, K.; Hara, K.; Katoh, R.; Tachiya,
M. J. Phys. Chem. C 2009, 113, 6454–6462.
(55) Jakob, M.; Levanon, H.; Kamat, P. V. Nano Lett. 2003, 3, 353–358.
(56) Hidalgo, M. C.; Navo, J. A.; Colon, G J. Phys. Chem. C 2009, 113,
12840–12847.
(57) Linsebigler, A. L.; Lu, G.; Yates, J. T; Maicu, M.; Navo, J. A.Chem.
Rev. 1995, 95, 735–758.
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demonstration that semiconductor CuTCNQ/Au compo-
sites are able to show solar light photocatalytic performance
is highly significant, with a scope for further development,
particularly for visible light photocatalysis.
5. Conclusions
In this work, we have demonstrated that microrods of
phase I CuTCNQ can be decorated with metallic Au from an
acetonitrile solution containing KAuBr4 by a galvanic re-
placement mechanism. Under conditions of low gold salt
concentration, the dissolution of CuTCNQ occurs and re-
sults in the formation of hollow rods. This dissolution process
becomesmore inhibited as the redox reaction betweenphase I
CuTCNQ and Au3þ ions takes effect, which results in exten-
sive coverage of CuTCNQ with metallic Au, with evidence
of surface confined neutral TCNQ formation that is inacces-
sible to the acetonitrile solution. Interestingly, the phase I
CuTCNQ/Au compositematerials showed promising photo-
catalytic properties for the destruction of organic dyes such as
Congo red, whose performance was found to be dependent
on the surface coverage of CuTCNQ with Au particles. This
approach opens up the possibility of studying other metal-
TCNQsemiconductor complexes that could be replacedwith
noble metals such as gold, platinum, and palladium and may
have interesting applications particularly in catalysis and
sensing.
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’ INTRODUCTION
Titania (TiO2) is a wide-band-gap semiconductor material that
has received intense scrutiny for a broad range of applications,
thanks to its intriguing physicalchemical properties and cheap,
abundant, and reasonably nontoxic nature. TiO2, also a widely
used catalyst as well as a catalyst support,1 is known to enhance
the catalytic activity in many cases because of the strong inter-
action between the active phase and the support.2 The photo-
catalytic properties of anatase TiO2 in particular enjoy greater
attention because of potential applications in paints and in the
degradation of environmentally toxic dyes3,4 and organic pollut-
ants.5,6 However, the application of TiO2 particles is limited by
the problems associated with the charge recombination (electron/
hole recombination) phenomenon of semiconductor particles and
also by their band-gap energy of 3.2 eV,7 which typically requires
exposure of ultraviolet light for TiO2-mediated photocatalytic
applications. As a result, for application purposes, a great deal of
effort is ongoing to shift the band-gap energy of TiO2 particles
toward the visible region of the solar spectrum.810 Additionally,
various efforts have previously been made to dope small amounts
of transitionmetals into theTiO2matrix to suppress the electron
hole recombination phenomenon.11,12
Both chemical and photodeposition methods are widely used
for depositing noble metals on semiconductor nanoparticles,
wherein the photoinduced deposition of noble metals such as Au
and Pt on semiconductor nanomaterials has been previously
employed to enhance their photocatalytic activity.1315 Recent
efforts have also been made to bind metal nanoclusters to TiO2
surfaces using a self-assembled monolayer approach.1619 Among
various metal nanoparticles, the Au-TiO2 system has received
particular attention because of interesting phenomena occurring
at the Au nanoparticleTiO2 matrix interface,20 leading to demon-
strated applications of AuTiO2 systems in nonlinear optical
devices,2123 and photoelectrochemical solar cells.7,24 Many
other metal (M)TiO2 systems, such as VTiO2,25 PtTiO2,26
NiTiO2,27 and RhTiO228 have also been well studied. Similarly,
Au-dispersed TiO2 films have also been synthesized previously
using different routes including RF sputtering12,23 and liquid-
phase deposition.22 The most often used techniques for the
preparation of TiO2-supported metals are impregnation and ion
Received: February 28, 2011
Revised: April 13, 2011
ABSTRACT: We demonstrate a facile localized reduction ap-
proach to synthesizing a Au nanoparticle-decorated Keggin ion/
TiO2 photococatalyst for improved solar light photocatalysis
application. This has been achieved by exploiting the ability of
TiO2-bound Keggin ions to act as a UV-switchable, highly
localized reducing agent. Notably, the approach proposed here
does not lead to contamination of the resultant cocatalyst with
free metal nanoparticles during aqueous solution-based synth-
esis. The study shows that for Keggin ions (phosphotungstic
acid, PTA), being photoactive molecules, the presence of both
Au nanoparticles and PTA on the TiO2 surface in a cocatalytic
system can have a dramatic effect on increasing the photo-
catalytic performance of the composite system, as opposed to a
TiO2 surface directly decorated with metal nanoparticles without a sandwiched PTA layer. The remarkable increase in the
photocatalytic performance of these materials toward the degradation of a model organic Congo red dye correlates to an increase of
2.7-fold over that of anatase TiO2 after adding Au to it and 4.3-fold after introducing PTA along with Au to it. The generalized
localized reduction approach to preparing TiO2PTAAu cocatalysts reported here can be further extended to other similar
systems, wherein a range of metal nanoparticles in the presence of different Keggin ions can be utilized. The composites reported
here may have wide potential implications toward the degradation of organic species and solar cell applications.
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exchange,29 which often require unfavorable conditions such as
high temperatures and pressures. Additionally, in chemical routes
of depositing metal nanoparticles onto a TiO2 surface, the metal
ion reduction step often leads to the formation of fresh metal nuclei
in the solution, in addition to direct metal reduction on the TiO2
surface. This is clearly undesirable from the application point of
view because the final product contains a mixture of both metal
nanoparticles and metal-decorated TiO2 nanoparticles. A possi-
ble strategy to circumvent this drawback could be based on the
immobilization of a reducing agent locally on the surface of TiO2
particles, which when exposed to metal ions would reduce them,
thereby leading to the formation of only metal-decorated TiO2
nanoparticles without any free metal nanoparticles contamination.
To this end, although extensive research has been undertaken
to developmetal-decorated TiO2 nanoparticles, to the best of our
knowledge limited or no studies have hitherto involved the use of
a secondary photocatalytic linker molecule that when bound to
the TiO2 surface can also reducemetal ions specifically on its surface.
In addition to facilitating the specific formation of metalTiO2
composites, these photocatalytically active molecules can also
offer the additional advantage of enhancing the photocatalytic per-
formance of the metalphotocatalytic linkerTiO2 system.
Considering the aforementioned discussion, the incorpora-
tion of polyoxometallates (POMs) such as Keggin ions into TiO2
is advantageous because they typically have high thermal stability30
and can undergo stepwise multielectron redox processes without
structural changes.31 Additionally, Keggin ions can be easily reduced
(electrolytically, photochemically, or with suitable reducing
agents), and the reduced form of Keggin ions bound to TiO2
can act as a reducing agent for metal ions31 to decorate metal nano-
particles specifically on TiO2 surfaces. Moreover, a vast range of
Keggin ions are either commercially available or can be feasibly
synthesized in laboratories, with applications in catalysis,32,33 analy-
tical chemistry,34 electronics,35 and medicine,30 which pose them
as promising molecules employable in the synthesis of advanced
functional nanomaterials.31,36 Papaconstantinou et al. demonstrated
that the exposure of photochemically reduced silicotungstic acid
[(SiW12O40)
4] Keggin ions to aqueous metal ions resulted in
the formation of a range of stable metal nanoparticles capped by
Keggin ions.37 Furthermore, Sastry et al. utilized phosphotungs-
tic acid (PTA) [(PW12O40)
3] Keggin ions bound to Au nano-
particle surfaces as localized reducing agents to form Au@Pt,
Au@Pd, and Au@Ag core@shell nanoparticles.31,36 Additionally,
for catalysis applications, PTA is particularly promising because it is
considered to be the strongest among the heteropolyacids, with
an estimated acidity of the solid stronger than 13.16(H0), which
means that PTA would qualify as a superacid and even at low pH
PTA is fully dissociated.37
Because the photoexcitable reducing nature and catalytic pro-
perties of Keggin ions are well established, in this study we have,
for the first time, utilized PTA bound to the TiO2 surface as
highly localized UV-switchable reducing agents to reduce Au nano-
particles specifically on the TiO2 surface by a photoirradiation
approach. Notably, with PTA being utilized as a localized reducing
agent, our approach specifically leads to only Au-decorated TiO2
particles in an aqueous-solution-based synthesis, without any con-
tamination from free Au nanoparticles in solution via independent
nucleation. We demonstrate that the loading of Au nanoparticles
onto a TiO2 surface can be feasibly fine tuned by controlling the
TiO2 surface charge by amine functionalization. The obtained
TiO2PTAAu and TiO2NH2PTAAu composites have
been characterized in detail using transmission electronmicroscopy
(TEM), UVvisible, Fourier transform infrared (FTIR), and
electron dispersive X-ray (EDX) spectroscopy, and X-ray diffrac-
tion (XRD), and their photocatalytic activity toward the degra-
dation of model organic azo dye Congo red has been explored
under simulated solar light conditions.
’RESULTS AND DISCUSSION
Scheme 1 summarizes the series of reactions employed for the
formation of TiO2PTAAu and TiO2NH2PTAAu co-
catalysts, illustrating that in step 1 commercially obtained TiO2
and amine-modified titania particles (TiO2NH2) are functio-
nalized with PTA [(PW12O40)
3] ions, resulting in TiO2PTA
and TiO2NH2PTA particles. Step 2 involves exposing
TiO2PTA and TiO2NH2PTA to UV irradiation for 2 h
in the presence of propan-2-ol under a N2 environment. Because
PTA is a UV-switchable reducing agent, step 2 leads to the
reduction of (PW12O40)
3 ions bound to the TiO2 surface to
(PW12O40)
4 ions (represented as PTA*). The reduction of PTA
molecules upon UV irradiation results in the change in the solu-
tion color from milky white to purplish blue, which is a signature
of the reduced state of PTA.31 In the next stage (step 3), when
KAuBr4 is added to the UV-excited solutions and solutions are
allowed to mature for 2 h, the reduced PTA bound to the TiO2
surface acts as a highly localized reducing agent to reduce AuBr4

ions to Au0 nanoparticles directly onto the TiO2 surface. This
changes the solution color from blue to pink, indicating the forma-
tionofAunanoparticles and the reoxidationof PTA to (PW12O40)
3
ions, thereby forming TiO2PTAAu and TiO2NH2PTA
Au composites. A particularly notable advantage of the proposed
approach is that it does not result in the formation of free Au
nanoparticles in solution. Advantageously, in our approach, PTA
acts as a highly localized reducing agent that forms Au nanoparticles
Scheme 1. Schematic Representation of the Formation of the
Au Nanoparticle-Decorated TiO2PTA Photococatalysta
aThe process involves the functionalization of the surface of pristine and
amine-modified TiO2 particles with PTA [(PW12O40)
3] ions (step 1),
followed by UV irradiation of TiO2PTA for 2 h, which results in the
reduction of TiO2 surface-bound PTA to [(PW12O40)
4] ions (step 2).
The reduced PTA [(PW12O40)
4] ions are indicated as PTA*, which
reflects that TiO2-bound PTA is in the excited state and is ready to
reduce AuBr4
 directly on the surface of TiO2PTA and TiO2
NH2PTA in the form of Au0 nanoparticles (step 3). The higher
loading of Au nanoparticles in TiO2NH2PTAAu in comparison
with that in the TiO2PTAAu composite is also notable, which is due
to more binding of PTA to the amine-functionalized TiO2 surface.
Please note that amine has been represented as NH2 for simplicity,
which is in the protonated NH3
þ form.
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directly and only onto the TiO2 surface, thus avoiding potential
contamination of the solutions with metal nanoparticles.
Figure 1a shows the TEM image of commercially obtained
anatase TiO2 after the dispersion in water, which indicates that
as-obtained TiO2 powder consisted of 50200 nm particles of
irregular quasi-spherical morphology. When the TiO2 surface
was modified with amine or PTA, no apparent change in particle
size or morphology was observed under TEM (data not shown
for brevity). Moreover, the binding of PTA to TiO2 and TiO2
NH2 was confirmed by EDX spectroscopy, which showed a distinct
energy edge at 1.7 keV corresponding to the W MR line, thus
affirming the successful functionalization of TiO2 and TiO2
NH2 with PTA (Figure 2). Interestingly, EDX indicated a signifi-
cantly higher binding of PTA to TiO2NH2 (curve f) in com-
parison with pristine TiO2 (curve d), which is evident from the
Ti/Wpeak ratios in these two samples, wherein theWpeak is of a
significantly higher intensity in the former. This is expected because
since the pristine TiO2 surface is negatively charged as a result of
the hydroxyl groups, the negatively charged PTA molecules can
bind to the TiO2 surface only through nonspecific interactions.
Conversely, amine modification of TiO2 provides a positively
charged surface38,39 that facilitates the strong electrostatic bind-
ing of negatively charged PTA to TiO2NH2. The positively
charged surface of TiO2NH2 was confirmed using zeta poten-
tial measurements that revealed a shift in the surface charge of
pristine TiO2 particles from20.3 toþ6.7 mV after their amine
functionalization. It should also be noted that to avoid the com-
plicated nomenclature of composites, amine has been repre-
sented as NH2 throughout the article, which is in the protonated
NH3
þ form. After PTA binding, both TiO2PTA and TiO2
NH2PTA composites were found to be negatively charged, as
revealed by their zeta potential values of 18.1 and 16.6 eV,
respectively. The strong binding of PTA to TiO2NH2 is further
reflected in the comparison of the TEM images of TiO2PTA
Au (Figure 1b) and TiO2NH2PTAAu (Figure 1c), which
show significantly higher loadings of Au nanoparticles on amine-
modified TiO2. Because more PTA is present in TiO2NH2
PTA in comparison with that in TiO2PTA and because PTA
acts as a highly localized reducing agent, a higher surface coverage
of TiO2NH2PTAAu results via more reduction of AuBr4
ions to Au nanoparticles onto the TiO2 surface. The Au
nanoparticles formed in the TiO2PTAAu composite were
found to be well-dispersed, quasi-spherical, and 210 nm in
diameter (Figure 1b), whereas those in the TiO2NH2P-
TAAu composite were found to be clustered at several places,
varied in shape from quasi-spherical to irregular, and ranging in size
from 5 to 30 nm (Figure 1c). The EDX analysis further confirmed
the presence of Au in these samples, and more so, a higher
intensity of Au signatures corresponding to a AuMR energy edge
at 2.1 keV was observed in TiO2NH2PTAAu (curve g,
Figure 2) than in the TiO2PTAAu composite (curve e,
Figure 2). Additionally, large-area TEM scans of TiO2P-
TAAu and TiO2NH2PTAAu composites did not reveal
the formation of any free Au nanoparticles, thus affirming that
PTA acts as a localized reducing agent on the surface of TiO2. Both
TEM and EDX analysis therefore clearly confirm that the amine
modification of TiO2 particles enables a higher loading of PTA
molecules on its surface, which further facilitates a higher degree
of Au nanoparticle formation on amine-modified surfaces.
The formation of the aforementioned compositematerials was
further monitored using UVvisible spectroscopy, as is shown
for TiO2PTAAu and TiO2NH2PTAAu composites,
respectively, in Figure 3a,b. The anatase TiO2 used in this study
showed an absorbance maximum at ca. 325 nm, which does not
change significantly after its amine functionalization (TiO2NH2).
PTA molecules showed a sharp feature at ca. 263 nm that cor
responds to absorption by its Keggin structure (blue curves).31
When PTA is bound to TiO2 or TiO2NH2, the absorbance
characteristic of the Keggin structure of PTA is observed to blue
shift to ca. 250 nm, indicating an interaction between PTA and
the surfaces of the TiO2 particles (green curves). Interestingly,
Figure 1. TEMmicrographs of (a) TiO2, (b) TiO2PTAAu, and (c)
TiO2NH2PTAAu composites. Scale bars correspond to 100 nm.
Figure 2. EDX analysis of (a) TiO2, (b) TiO2NH2, (c) PTA, (d)
TiO2PTA, (e) TiO2PTAAu, (f) TiO2NH2PTA, and (g)
TiO2NH2PTAAu. Energy edges characteristic of Ti KR and Ti
Kβ are observed at 4.5 and 4.9 keV, respectively, whereas Ti LR is
present as a shoulder on the O KR signal at 0.9 keV. Peaks characteristic
of W MR are observed at 1.7 keV in all samples containing PTA, and a
Au MR signal is observed at ca. 2.1 keV. The intensities of all of the
spectra, except that of pristine PTA, have been normalized against the Ti
KR signal for comparison.
Figure 3. UVvisible spectra of (a) TiO2PTAAu and (b)
TiO2NH2PTAAu composite systems.
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for the same concentration of TiO2 particles, the peak intensity
corresponding to PTA was found to be greater in the TiO2
NH2PTA system than in the TiO2PTA system (green curves).
This can be attributed to the higher loading of negatively charged
PTA molecules onto positively charged amine-modified TiO2
particles via strong electrostatic interactions, as was also evident
from EDX analysis (Figure 2). Furthermore, the UVvis spectra
of TiO2PTAAu and TiO2NH2PTAAu composites
showed broad surface plasmon resonance (SPR) features between
500 and 600 nm (red curves) with peak maxima at ca. 550 and
600 nm, respectively. Gold nanoparticles dispersed in an aqueous
environment typically exhibit SPR features at ca. 520 nm (for
1020 nm particles), which is known to be shifted according to
the surrounding dielectric environment.40 The observed red shifts in
these samples, corresponding to Au SPR, can be attributed to the
close proximity of Au nanoparticles to the TiO2PTA surface,
which can alter the Au SPR feature because of the change in the
dielectric property of the environment. Additionally, the broad-
ness of the Au SPR feature in the TiO2NH2PTAAu com-
posite can be partially attributed to the clustering of Au nanopar-
ticles onto the TiO2 surface, as was also observed using TEM
(Figure 1c).
The change in crystallinity of the synthesized composites was
further monitored using XRD (Figure 4). XRD patterns a and b
in Figure 4 correspond to pristine TiO2 and PTA, respectively,
clearly showing well-defined diffraction peaks attributable to the
anatase phase of TiO2 (JCPDS 01-070-6826) and pure PTA
(JCPDS 00-050-0662). When PTA is bound to the TiO2 surface
(TiO2PTA), most of the signals corresponding to anatase
TiO2 along with few PTA signatures can be seen (pattern c);
however, for TiO2PTA, the intensity of PTA peaks are observed
to decrease dramatically in intensity, which is most likely due to
PTA forming only a thin coating on the TiO2 surface and thus the
majority of the observed signals are due to the crystal phases of
anatase TiO2. In the Au-decorated TiO2PTA sample, addi-
tional peaks corresponding to the [200] and [220] facets of face-
centered-cubic (fcc) gold are observed at ca. 44 and ca. 65 2θ,
respectively (pattern d, marked with arrows), with a further re-
duction in the intensity of the XRD peaks corresponding to PTA
and TiO2. Amine modification of the TiO2 surface (TiO2NH2,
pattern e) produces a pattern identical to that of pure TiO2,
confirming that the amine modification has no effect on the
crystalline properties of the TiO2 lattice. Unlike the TiO2PTA
composite (pattern c), the XRD pattern of the TiO2NH2P-
TAcomposite contains intense peaks attributable toPTA(pattern f),
which once again suggests that a relatively higher amount of PTA
is present on the surface of the TiO2NH2PTA compared to
that on TiO2PTA, which correlates well with the EDX results.
Furthermore, the XRD pattern corresponding to the TiO2NH2
PTAAu composite shows signatures corresponding to TiO2,
PTA, and fcc gold, confirming the presence of all of the respective
components in this composite (pattern g).
Information regarding the mode of binding of PTA molecules
to TiO2 and Au nanoparticles was obtained using FTIR spec-
troscopy (Figure 5). It is well known that the Keggin structure of
PTA (H3PW12O40) consists of a cage of tungsten atoms linked
by oxygen atoms with the phosphorus atom at the center of the
tetrahedra.41,42 Oxygen atoms form four physically distinct
bonds (POa, WObO, WOcW, and WdOd) within
the Keggin structure, which have distinct infrared signatures.
POa corresponds to an asymmetric stretching vibrational mode
between phosphorus and oxygen atoms at the center of the
Keggin structure, giving rise to a characteristic signature at
1080 cm1. WObO and WOcW correspond to bending
vibrational modes of oxygen atoms, which form a bridge between
the two tungsten atoms within the Keggin structure. Among
these two, WObW represents the oxygen atoms at the corners
of the Keggin structure and WOcW represents the oxygen
atoms along the edges, giving rise to characteristic vibrationalmodes
at 890 and 800 cm1 for WObW and WOcW respec-
tively. The fourth vibrational mode, WdOd, corresponds to the
asymmetric stretching of terminal oxygen atoms reflected at
980 cm1.41,42 It is evident from the FTIR spectra that TiO2
(curve a, Figure 5) and TiO2NH2 (curve e) do not show sig-
nificant features at wavenumbers of more than 800 cm1,
whereas PTA (curve b) shows four characteristic absorbance
bands attributable to POa, WdOd, WObW, and
WOcW at 1080, 980, 890, and 800 cm1, respectively.
Therefore, shifts in the vibrational modes of oxygen atoms in
the PTAmolecule after its binding to TiO2 can be easily followed
using FTIR spectroscopy. Upon complexation of PTA to the
TiO2 surface (curve c), a remarkable shift in the WObW
bending vibrations from ca. 890 to ca. 905 cm1 is observed,
without any noticeable shift in other vibrational modes. The
significant blue shift of 15 cm1 in the WObW bending
Figure 4. XRD patterns of (a) TiO2, (b) PTA, (c) TiO2PTA, (d)
TiO2PTAAu, (e) TiO2NH2, (f) TiO2NH2PTA, and (g)
TiO2NH2PTAAu. The arrows correspond to peaks attributable
to face-centered-cubic (fcc) gold.
Figure 5. FTIR spectra of (a) TiO2, (b) PTA, (c) TiO2PTA, (d)
TiO2PTAAu, (e) TiO2NH2, (f) TiO2NH2PTA, and (g)
TiO2NH2PTAAu.
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vibrational mode of PTA suggests that PTA interacts quite
strongly with the TiO2 surface and binds to TiO2 through the
oxygen atoms at the corners of the Keggin structure
(WObW). Once Au nanoparticles are reduced onto the
TiO2PTA surface, this does not lead to further shifts in the
WObW mode; however, it is accompanied by a blue shift of
the symmetric stretching vibrations of terminal oxygen atoms
(WdOd) from the original 980 cm
1 (in free PTA) to 995 cm1
(in TiO2PTAAu) (curve d). This suggests that Au nanopar-
ticles binding to the Keggin structure occurs through terminal
oxygen atoms. Amine-modified TiO2 shows similar behavior
toward PTA binding, such as that observed for pristine TiO2,
indicating that PTA may also bind to the NH2 functional groups
through oxygen atoms at the corners of the Keggin structure
(curve f), followed by binding to Au through its terminal oxygen
atoms (curve g). The strong binding of PTA molecules to the
nanocomposites prepared in this study further indicates that
these nanocomposites might be suitable for solution-based photo-
catalysis applications, without causing significant leaching of TiO2-
bound PTA during application.
As previously discussed, TiO2 is probably one of the most
investigated materials for its photocatalytic properties. However,
it is also well known that in the majority of the wide-band-gap
semiconductor materials including TiO2 a major rate-limiting
factor determining their photocatalytic performance is the un-
desirable process of electron/hole recombination.43 In this process,
as electrons are promoted from the valence band across the band
gap into the conduction band, there exists a very large driving
force to recombine the electron and the newly generated hole.43
By controllably depositing metal nanoparticles onto the surface
of TiO2 particles, a Schottky barrier can be created at the metal
semiconductor junction,44 which is due to the difference in the
Fermi-level positions of the metal and the semiconductor.45 This
leads to a continuous transfer of electrons from TiO2 to metal
nanoparticles until the equilibrium of the Fermi energy levels is
achieved. In such metalmetal oxide systems, during photoexcita-
tion, electrons can migrate from the semiconductor to the metal
across the Schottky barrier, where they are trapped and the electron/
hole recombination phenomena are suppressed, whereby the hole
is then free to diffuse through TiO2 to the surface where it can be
used to oxidize organic species.43 Therefore, metal nanoparticles
deposited on the TiO2 surface can play an important role in cat-
alyzing the interfacial charge-transfer process,46,47 which may
result in a significant improvement in the photochemical perfor-
mance of the material, as demonstrated previously.45,48
Because in our current study PTA has been used as an inter-
mediate layer between TiO2 and Au nanoparticles and PTAmol-
ecules arewell-known for their outstanding electron-transfer ability,31
we investigated the photocatalytic performance of our materials
toward the degradation of an organic material, azo dye Congo red
(CR) in the presence of a simulated solar spectrum for 30 min.
Being an organic dye, CR degradation during photoexcitation in
the presence of nanocomposites could be easily followed using
UVvis spectroscopy (Figure 6). In a control experiment, when
CR was exposed to simulated solar light in the absence of any
photocatalyst, this led to only ca. 7% degradation of the dye (as
determined by the reduction in the A500 of CR). As expected, the
presence of anatase TiO2 led to an increase in the photodegrada-
tion of CR to ca. 20%, indicating that unmodified TiO2 was pho-
toactive and had the ability to facilitate the degradation of CR. Sim-
ilarly, an equivalent amount of amine-modified titania (TiO2NH2)
showed similar photoactivity, resulting in ca. 23% degradation of
the dye molecules, suggesting that the amine modification of
TiO2 does not significantly alter its photocatalytic performance.
Notably, pristine PTA is also known for its photocatalytic pro-
perties,37 which resulted in photoactivity similar to that of TiO2
and TiO2NH2 at ca. 22%. Conversely, after PTA binding,
TiO2PTA and TiO2NH2PTA led to an increased photo-
activity, resulting in ca. 32 and 39% degradation of CR, respec-
tively. This increase in photocatalytic performance can be
attributed to the cocatalytic activity of these composites as a result
of the presence of both TiO2 and PTA molecules. Marginally
higher photocatalytic activity of TiO2NH2PTA in compar-
ison with that of TiO2PTA can be assigned to the higher
loading of PTA in the former for equivalent amounts of TiO2
used. Notably, introducing Au into the composite material to
form TiO2PTAAu and TiO2NH2PTAAu cocatalysts
resulted in a dramatic improvement in the photocatalytic perfor-
mance, leading to ca. 86 and 77% degradation of CR, respectively. It
is interesting that although TiO2NH2PTA showed margin-
ally better performance than TiO2PTA, the trends were
reversed when Au was added to these materials (i.e., TiO2
PTAAu was found to perform better than TiO2NH2
PTAAu). From TEM, EDX, and XRD analyses, it is clearly
evident that the number and size of Au nanoparticles decorating
the amine-modified TiO2 surface are significantly larger than
those of the unmodified surface. The reduced photoactivity of
TiO2NH2PTAAumay be partially attributable to relatively
higher Au loading in this system, which might decrease the total
effective TiO2 surface area during the photocatalytic degradation
of CR. Because the redox activity of Au nanoparticles by readily
accepting electrons from a suitable donor (TiO2) can be size-
dependent, it is also likely that the presence of relatively larger
clustered Au nanoparticles in the TiO2NH2PTAAu com-
posite may reduce its photoactivity compared to that of the
TiO2PTAAu composite, the latter of which showed well-
segregated, smaller Au nanoparticles.
Additional control experiments were performed to ascertain
that TiO2PTAAu and TiO2NH2PTAAu composites
indeed act as cocatalysts, wherein TiO2, PTA, and Au play some
role in enhancing the photocatalytic activity. In these control
experiments, Au nanoparticles were directly photodeposited
onto pristine and amine-modified titania without utilizing PTA
Figure 6. (a) UVvisible spectra of Congo red dye upon exposure to a
range of photocatalysts for 30 min under simulated solar light condi-
tions. (b) Percent photodegradation of Congo red expressed as a
reduction in the intensity of absorbance at 500 nm. The control in part
b represents the % photodegradation of Congo red in the absence of a
photocatalyst but in the presence of simulated solar light for 30 min.
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as the intermediate layer, thereby leading to TiO2Au and
TiO2NH2Au composites, respectively (TEM in Supporting
Information, Figure S1). In comparison to composites that had
all three components (TiO2, PTA, and Au; 7786% activity),
the composites without PTA (TiO2Au and TiO2NH2Au)
showed only 5154% photocatalytic activity (Supporting In-
formation, Figure S2). These experiments clearly show that the
presence of PTA as a photoactive linker molecule can have a
significant influence on increasing the overall photocatalytic ability
of TiO2-based systems. Because FTIR spectroscopy showed
strong interactions of PTA sandwiched between TiO2 and Au
with both of these systems, we believe that in addition to the pho-
tocatalytic activity of PTA molecules an intermediate PTA layer
between semiconductor and metal may provide an additional
driving force for facilitating charge transfer between TiO2 and Au
as a result of the strong electron transferability of PTAmolecules.
This can result in a dramatic increase in the photocatalytic per-
formance of nanocomposites, as is evident from this study that
shows a 2.7-fold increase in the photoactivity of anatase TiO2
after adding Au to it (TiO2 20% vs TiO2Au 54%) and a 4.3-fold
increase after introducing PTA along with Au to it (TiO2 20% vs
TiO2PTAAu 86%).
’CONCLUSIONS
We have demonstrated for the first time the synthesis of a
TiO2-based cocatalytic system using PTA both as a photocata-
lytic linker molecule and a highly localized UV-switchable reducing
agent for the decoration of metal nanoparticles on the surface of
anatase TiO2 particles. The study shows that the presence of both
Au nanoparticles and PTA in a cocatalytic system on the TiO2
surface, as opposed to a TiO2 surface decorated directly with metal
nanoparticles, can have a dramatic effect on increasing the pho-
tocatalytic performance of the composite system. The general-
ized localized reduction approach for preparing TiO2Keggin
metal cocatalysts reported here can be equally extended to similar
systems.Our further investigationswill explore the relative efficiency
of different metal nanoparticles (Au, Ag, Pt, and Cu) and a range
of Keggin-type polyoxometallates toward increasing the photo-
catalytic performance of titania-based systems. Because of the
unique electron-transfer ability of polyoxometallates, some of
these systems might prove useful in solar cell applications.
’METHODS
Materials. Potassium tetrabromoaurate dihydrate (KAuBr4 3 2H2O)
and 3-aminopropyltriethoxysilane (APTES) were obtained from Sigma-
Aldrich, anatase titanium dioxide (TiO2) powder was obtained from
BDH Chemicals, 12-phosphotungsticacid hydrate (H3PW12O40 3 2H2O)
was obtained from Scharlau Chemie, and ammonia (28%) was obtained
from Ajax Fine Chemicals. All chemicals were used as received without
any modification.
Amine Modification of TiO2. Anatase TiO2 powder (100 mg)
was added to a solution containing 20 mL of ethanol, 1 mL of ammonia
(28%), and 4 mL of APTES. The suspension was left overnight under
mechanical stirring to prevent the TiO2 powder from settling. The
suspension was then centrifuged, the supernatant was removed, and the
solid material was washed three times with deionized water (Milli-Q).
The amine-modified TiO2 was then dispersed in 25 mL of deionized
water, stored for later use at room temperature, and is designated as
TiO2NH2 in subsequent experiments.
PTA Functionalization of TiO2 and TiO2NH2. In two parallel
experiments, 100 mg each of TiO2 and TiO2NH2 powders were sep-
arately immersed in 100 mL of a 10mMPTA solution and left overnight
under mechanical stirring. The solid products were centrifuged and washed
three times with deionized water to facilitate the removal of uncoordi-
nated PTA molecules. The composites were then dispersed in 25 mL of
deionized water, which resulted in two products corresponding to TiO2
PTA and TiO2NH2PTA wherein PTAmolecules were bound to the
TiO2 surface, either directly or through an amine linkage, respectively.
Photochemical Deposition of Au Nanoparticles onto TiO2
PTA and TiO2NH2PTA. The strong UV-switchable reduction cap-
ability of PTA molecules bound to TiO2 particles was utilized for the re-
duction of AuBr4
 ions onto the TiO2 surface. In two parallel experiments
in quartz tubes, 4 mL each of TiO2PTA (4 mg mL1) and TiO2
NH2PTA (4 mg mL1) solutions were mixed with 1 mL of propan-2-ol
in quartz tubes, followed by purging with nitrogen gas for 15 min and pho-
toexciting solutions under a UV lamp (excitation wavelength 260 nm) for
2 h to allow TiO2-bound PTA molecules to be reduced. To each of these
solutions, 5 mL of 1 mMKAuBr4 3 2H2O was added and allowed to mature
for 2 h. After 2 h, the suspensions were centrifuged at 3000 rpm to pre-
cipitate TiO2PTAAu (light pink in color) and TiO2NH2PTAAu
(darker purplish red in color) composites. The resultant composites were
resuspended in 25 mL of deionized water and stored at room temperature.
Material Characterization. All the aforementioned materials were
examined at various stages of synthesis using transmission electron micro-
scopy (TEM), UVvisible spectroscopy (UVvis), energy-dispersive
X-ray (EDX) and Fourier transform infrared (FTIR) spectroscopy, X-ray
diffraction (XRD), and zeta potential measurements. The samples for
TEM were prepared by drop coating the solution onto a carbon-coated
copper grid, followed by TEM measurements using a JEOL 1010 instru-
ment operated at an accelerating voltage of 100 kV. UVvisible ab-
sorbance analysis was performed using a Cary 50 biospectrophotometer
at a spectral resolution of 1 nm, EDX analysis was performed using an
FEI NovaSEM instrument coupled with an EDX Si(Li) X-ray detector,
FTIR spectroscopy was performed using Perkin-Elmer Spectrum 100
instrument, and XRD was performed using a Bruker AXS D8 Discover
with a general area detector diffraction system. Zeta potential measure-
ments were performed in Milli-Q water using a Malvern 2000 Zetasizer.
Photocatalytic Degradation of an Organic Dye. The photo-
catalytic ability of TiO2-based composites was studied by adding composite
material to an aqueous solution of organic azo dye Congo red (CR) and
recording the intensity of the characteristic absorption maxima after a
period of 30 min of exposure to simulated solar light. To assess the
photocatalytic performance, nanocomposites containing 12 mg equiv of
TiO2 were separately added to 10 mL aqueous solutions containing
10 μM Congo red. In a control experiment involving pristine PTA, the
amount of PTA used during photocatalysis experiments corresponds to
the equivalent amount that was used to bind PTA to TiO2 and TiO2
NH2. Please note that not the entire amount of PTA used in the binding
experiment was bound to TiO2 and TiO2NH2; therefore, a significantly
larger amount of PTA has been used in the control photocatalysis
experiment. For photocatalysis measurements, an Abet Technologies
LS-150 series 150W Xe arc lamp source that simulates solar light under
equator conditions was used, with the sample placed in a quartz vial
10 cm from the source undermechanical stirring. After 30minof irradiation,
the samples were centrifuged to remove the composite material, and the
remaining solutions were examined by UVvis spectroscopy.
’ASSOCIATED CONTENT
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’ INTRODUCTION
Titania (TiO2) is a widely employed wide-band-gap semi-
conductor material that, because of its intriguing physical and
chemical properties as well as its abundance, low cost, and relative
nontoxicity, has received intense attention. TiO2, also a widely
used catalyst as well as a catalyst support,1 often demonstrates
strong interactions between the active phase and the support,
which is known to enhance the overall catalytic activity of the
system in many cases.2 The anatase phase of TiO2 has received
particular attention because of its potential applications in paints,
solar cells, and the photocatalytic degradation of environmental
toxins and organic pollutants.38 However, the effectiveness of
TiO2 particles in the photocatalytic oxidation of organic species
is often limited by the charge recombination (also known as
electron/hole recombination) phenomenon inherent to semi-
conducting particles and a large band gap energy of 3.2 eV.9 Such
a large band gap typically requires exposure to ultraviolet (UV)
radiation to make TiO2 particles photoactive, and only a relatively
smaller proportion of solar radiation covers the UV region. Because
of these inherent shortcomings of TiO2-based materials, signifi-
cant effort has beenmade to shift the band gap energy toward the
visible region of the spectrum, whichmay enhance their potential
for a broader range of applications.1012 Parallel efforts have also
been made to introduce small amounts of transition metals into
the TiO2 matrix in an attempt to suppress the charge-recombina-
tion phenomenon.13,14
Both photodeposition and chemical methods have been
employed in the past to deposit noble metals onto the surfaces
of semiconductor particles to enhance their effectiveness in
photocalysis.1517 Among these, the self-assembled monolayer
approach, rf sputtering, and liquid-phase deposition14,1821 have
been well studied to create a variety of metal-decorated TiO2
systems such as TiO2V,22 TiO2Pt,23 TiO2Ni,24 and TiO2
Rh.25 However, these techniques, including ion exchange and
impregnation, often require harsh reaction conditions such as
high temperatures and pressures.26 Additionally, in the afore-
mentioned routes of depositing metal nanoparticles onto a TiO2
surface, the metal ion reduction step often leads to the formation
of fresh metal nuclei in the solution, in addition to direct metal
reduction onto the TiO2 surface. This is clearly undesirable from
the application perspective because the final product contains a
mixture of bothmetal-decorated TiO2 (TiO2M) and freemetal
nanoparticles.
Recently, we demonstrated a possible strategy to circumvent
this problem by immobilizing a polyoxometalate of 12-phospho-
tungstic acid (PTA, H3PW12O40) locally onto a TiO2 surface,
whichwhen exposed toAuBr4
 ions in the presenceofUV light acted
as a highly localized photoactive reducing agent.27 This strategy
resulted in the decoration of the TiO2 particle surface with Au
nanoparticles without causing the contamination of free Au nano-
particles in the reaction solution. Polyoxometalates (POMs, also
known as Keggin ions) were chosen as the localized reducing agent
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ABSTRACT: To improve the photocatalytic efficiency of TiO2-based nanomaterials, we
demonstrate a facile, generalized, highly localized reduction approach to the decoration of
TiO2polyoxometalate composites with a range of metal nanoparticles including Cu, Ag, Pt,
and Au. The synthesis of nanocomposite photococatalysts reported in this study has been
achieved by utilizing the unique ability of the TiO2-bound PTA (phosphotungstic acid)
molecules (a polyoxometalate, POM) to act as a highly localized UV-switchable reducing agent
that specifically reduces metal ions to their nanoparticulate forms directly and only onto the
TiO2 surface. This leads to the metal contaminant-free synthesis of TiO2PTAmetal
nanocomposites, which is a significant advantage of the proposed approach. The study further
demonstrates that polyoxometalates are regenerable photoactive molecules with outstanding
electron-transfer ability and the deposition of metal nanoparticles on the TiO2PTA cocatalytic
surface can have a dramatic effect on increasing the overall photocatalytic performance of the
composite system. Moreover, it is observed that the photococatalytic performance of the
TiO2PTAmetal nanoparticles can be fine tuned by choosing the composition of metal nanoparticles in the nanocomposite.
Interestingly, the photococatalysts reported here are found to be active under visible and simulated solar-light conditions. The
underlying reaction mechanism for enhanced solar-light photococatalysis has been proposed.
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because these molecules typically have a high thermal stability,28
they can readily participate in stepwise multielectron redox pro-
cesses both electrochemically and photochemically without any
structural change,29 and importantly, they also possess photo-
catalytic properties.30 Specially for catalytic applications, PTA is
particularly promising because it is considered to be the strongest
among the heteropolyacids with an estimated acidity of stronger
than13.16 (H0), whichmeans that even at low pH, PTA is fully
dissociated.31 In our previous study, we also demonstrated that
the degree of Au nanoparticle loading on the TiO2 surface can be
controlled, and an optimal Au loading is required to achieve high
photocatalytic performance.27 This strategy therefore offered a
facile route to the preparation of a solar-light-active TiO2
PTAAu photococatalytic composite by employing POM as a
photoexcitable local reducing agent as well as a secondary photo-
catalytic linker molecule but without employing harsh reaction
conditions.27
In the current study, we demonstrate the generality of this
facile approach by employing a range of metal ions, leading to
the formation of TiO2PTA decorated with Cu, Ag, Pt, and Au
nanoparticles. The present study demonstrates the unique gen-
eral capability of POMs (PTA in this study) bound to TiO2
particles to act as a highly localized reducing agent for the
synthesis of TiO2PTACu, TiO2PTAAg, TiO2PTA
Pt, and TiO2PTAAu nanocomposites. Notably, because PTA
acts as a localized reducing agent, the approach reported here
specifically leads to only metal-decorated TiO2 particles in an
aqueous-solution-based synthesis, without any contamination
from free metal nanoparticles in the solution via independent
nucleation. The investigation of the UV, visible, and solar
photocatalytic performance of TiO2PTAmetal photococata-
lysts with different metal compositions provides an interesting
trend in their activity profile, which is found to be typically
dependent on the nobility of the metal nanoparticles. On the
basis of the relative photochemical activity of different TiO2
PTAmetal nanocomposites, a plausible mechanism involved in
the significant enhancement of the solar photocatalytic perfor-
mance of these materials has been proposed.
’RESULTS AND DISCUSSION
Illustrated in Scheme 1 is the series of reactions employed for
the synthesis of metal-decorated TiO2PTA photococatalytic
nanocomposites. In the first step, commercial anatase TiO2
powder was functionalized with PTA molecules (PW12O40
3),
which resulted in the TiO2PTA nanocomposite particles. This
was followed in step 2 by exposing the TiO2PTA nanocompo-
site to UV irradiation for 2 h in the presence of propan-2-ol under
a N2 environment. This facilitated the reduction of UV-switch-
able PW12O40
3 bound to the TiO2 surface to PW12O40
4,
which is denoted as PTA* (activated or reduced PTA) in
Scheme 1. At this stage, the solution turned from milky white
to purplish blue, which is indicative of the reduced state of PTA.29
In the next step (step 3), when suitable metal ions (Cu2+, Ag+,
PtCl6
2, or AuBr4
) were introduced into the activated TiO2
PTA* composite and allowed to mature for 2 h, the reduced
PTA* bound to the surface of the TiO2 acted as a highly localized
reducing agent to reduce metal salts to respective metal nano-
particles (Cu, Ag, Pt, or Au) directly on the TiO2 surface. This
resulted in the change in solution color from purplish blue to
light pink in the case of decoration with copper nanoparticles
(TiO2PTACu), brownish yellow for decoration with silver
nanoparticles (TiO2PTAAg), dark gray for decoration with
platinum nanoparticles (TiO2PTAPt), and pinkish red for
decoration with gold nanoparticles (TiO2PTAAu). The
observed change in solution color is indicative of the formation
of respective metal nanoparticles by TiO2PTA* and the simulta-
neous oxidation of PTA* back to PTA. The reactions involved in
the steps discussed in the Scheme 1 can be represented in the
form of the following equations:
PW12O40
3 þ ðCH3Þ2CH2OHf
hν
PW12O40
4
þ ðCH3Þ2CHO ð1Þ
In eq 1, PW12O40
3, which corresponds to the oxidized form
of PTA molecules, becomes reduced to PTA* (PW12O40
4)
upon excitation with UV light in the presence of a substrate such
as propan-2-ol. In the next step, when reduced PW12O40
4 is
exposed to metal ions, the reduction of metal ions to metal
nanoparticles takes place whereas PW12O40
4 oxidizes back to
PW12O40
3, as represented in eqs 25:
2PW12O40
4 þ Cu2þ f 2PW12O403 þ Cu0 ð2Þ
PW12O40
4 þ Agþ f PW12O403 þ Ag0 ð3Þ
4PW12O40
4 þ PtCl62 f 4PW12O403 þ Pt0 þ 6Cl ð4Þ
3PW12O40
4 þ AuCl4 f 3PW12O403 þ Au0 þ 4Cl ð5Þ
Figure 1 shows the UVvisible absorbance spectra of various
materials synthesized in this study, which were analyzed to
monitor the formation of the TiO2PTAM nanocomposites
and correspond well to the solutions color as discussed above.
Commercial anatase TiO2 (curve a) showed an absorbance
Scheme 1. Schematic Representation of the Formation of
TiO2PTA Cocatalytic Materials Decorated with Metal
Nanoparticles of Cu, Ag, Pt, and Aua
aThe process involves the modification of the TiO2 surface by functionaliz-
ingwith PTA(PW12O40
3) ions (step 1), followed byUV irradiationof the
composite for 2 h in a N2 environment (step 2). The reduced PTA ions
(PW12O40
4) are referred to as PTA*, reflecting that the excited PTA
molecules are able to reduce the selected metal ions locally to respective
metal nanoparticles on exposure to metal salts of CuCl2, Ag2SO4,
H2PtCl6, and KAuBr4 (step 3). The color change in the nanocomposite
material is due to the surface plasmon resonance of the as-formed metal
nanoparticles decorating the nanocomposite surface.
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maximum at ca. 325 nm, and the PTA molecules (curve b)
displayed a sharp feature at ca. 263 nm that corroborates well
with the literature and can be attributed to absorption by the
Keggin structure of PTAmolecules.29 The binding of PTA to the
TiO2 surface resulted in a blue shift in the absorbance character-
istic of the Keggin structure of PTA to ca. 250 nm (curve c),
which is indicative of the interaction between PTAmolecules and
the surfaces of the TiO2 particles.
27 Further decoration of the
TiO2 surface with different metal nanoparticles resulted in
different spectral features, including increased absorbance across
the visible region of the spectra in comparison to that of pristine
TiO2 or TiO2PTA nanocomposites. It is notable that in these
composites, because metal nanoparticles were used to decorate
the TiO2 surface and were not available as free particles in
solution, the surface plasmon resonance (SPR) features of metal
nanoparticles were observed only in the form of shoulder
signatures. Nonetheless, the presence of these SPR features is
indicative of respective metal nanoparticle formation, which
corroborates well with the literature.32 For instance, the TiO2
PTACu nanocomposite (curve d) displayed several small
shoulders at ca. 485, 560, 640, and 690 nm that can be attributed
to the formation of Cu nanoparticles.33 Similarly, the TiO2
PTAAg nanocomposite (curve e) displayed a very broad
spectrum with a shoulder at ca. 420 nm, which corresponds well
to the SPR feature of Ag nanoparticles.32,3436 As expected, the
TiO2PTAPt nanocomposite (curve f) did not display any
prominent SPR features because Pt nanoparticles are known not
to show SPR signatures in the visible region.32,36 However, the
TiO2PTAAu nanocomposite (curve g) displayed a broad yet
prominent SPR feature centered at ca. 550 nm that can be
attributed to the formation of gold nanoparticles on the TiO2
surface.32,37 Because it is well known that the position of the SPR
features of metal nanoparticles is strongly dependent on the
surrounding dielectric environment,38 the SPR shoulders seen in
the nanocomposites are most likely strongly influenced by the
local dielectric environment of the TiO2 particles to which metal
nanoparticles are tightly adhered. Moreover, the absence of
prominent SPR features in the aqueous solutions containing
these nanocomposites also suggests that the generalized ap-
proach reported here to create TiO2PTAM nanocomposites
does not result in free metal nanoparticles by independent
nucleation in the aqueous solution. In fact, a significant advantage
of our proposed approach is that with PTA being a highly
localized UV-switchable reducing agent, free metal nanoparticles
are not formed in the solution, which avoids nanocomposite
contamination.
Illustrated in Figure 2a is a TEM image of commercially
obtained anatase TiO2 powder after its dispersion in water. TiO2
particles were found to have quasi-spherical morphology and
were ca. 50200 nm in diameter. After modification with PTA,
no change in the TiO2 particle size or morphology was observed
(data not shown for brevity). However, the binding of PTA onto
the TiO2 surface was confirmed using EDX analysis, which
displayed a characteristic energy line at 1.7 keV corresponding
to W MR (Figure 3). Introducing different metal salts into the
TiO2PTA* composite material results in the deposition of metal
nanoparticles on the TiO2 surface as displayed in Figure 2be for
TiO2PTACu, TiO2PTAAg, TiO2PTAPt, and TiO2
PTAAu nanocomposites. In each case, the metal nanoparticles
decorating the TiO2 surface were found to be well dispersed on
the TiO2 surface in the form of quasi-spherical (ca. 210 nm)
nanoparticles. Furthermore, EDX analysis confirmed the pre-
sence of respective metals in corresponding nanocomposites, as
shown in Figure 3. For instance, the TiO2PTACu nanocom-
posite displayed a characteristic energy line corresponding to Cu
LR at 0.93 keV, TiO2PTAAg showed a characteristic energy
line corresponding to Ag LR at 3.35 keV, TiO2PTAPt
displayed a characteristic energy line corresponding to Pt MR
at 2.12 keV, and the TiO2PTAAu nanocomposite displayed a
characteristic energy line corresponding to Au MR at 2.29 keV,
which are in addition to Ti KR, Ti Kβ, and O KR from TiO2 and
the W MR energy edge from PTA. Notably, large -area TEM
scans of these TiO2PTAM nanocomposites did not reveal
the formation of any free metal nanoparticles, thus further
affirming that PTA acts as a localized reducing agent on the
surfaces of the TiO2 particles.
Figure 2. TEM micrographs of (a) TiO2, (b) TiO2PTACu,
(c) TiO2PTAAg, (d) TiO2PTAPt, and (e) TiO2PTAAu
composites. Scale bars correspond to 200 nm.
Figure 3. EDX spectra of (a) TiO2, (b) PTA, (c) TiO2PTA,
(d) TiO2PTACu, (e) TiO2PTAAg, (f) TiO2PTAPt, and
(g) TiO2PTAAu. All of the spectra, except for that of pristine PTA,
have been normalized against the Ti KR line to allow the comparison
between peak intensities.
Figure 1. UVvisible absorbance spectra of the different TiO2
PTAM nanocomposite systems prepared in this study, where M
corresponds to Cu, Ag, Pt, or Au.
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Further information regarding the crystallinity of the nano-
composite materials was obtained using XRD (Figure 4). XRD
patterns a and b in Figure 4 correlate to the pristine TiO2 powder
and PTA, respectively, which show well-defined diffraction peaks
attributable to the anatase phase of TiO2 and pure PTA (TiO2,
JCPDS 01-070-6826; PTA, JCPDS 00-050-0662). Although
PTA binding to the TiO2 surface (pattern c) does not result in
a significant change in the intensity of diffraction peaks arising
from anatase TiO2, peaks attributable to PTA are observed to
decrease in intensity dramatically in the TiO2PTA composite
(with respect to pristine PTA). This is most likely due to PTA
forming only a thin coating on the TiO2 surface, and thus the
majority of the observed signals are due to the crystal phases of
anatase TiO2. Further decoration of metal nanoparticles on the
TiO2PTA composite results in a reduction in the intensity of
the peaks attributable to both anatase TiO2 and PTA, along with
the development of new peaks corresponding to the respective
metal nanoparticles (patterns dg). In the case of the TiO2
PTACu nanocomposite, two additional XRD peaks at ca. 43.1
and 50 2θ (marked with @, pattern d) are clearly evident and
correspond to the [111] and [200] crystal planes of fcc copper
(JCPDS 01-070-3039). Similarly, the XRD pattern of the TiO2
PTAAg nanocomposite revealed new diffraction peaks at 44.3
and 64.5 2θ (marked with #, pattern e) that are attributable to
the [200] and [220] planes of fcc silver (JCPDS 03-065-8428).
Decoration with Pt nanoparticles in the TiO2PTAPt com-
posite also resulted in the appearance of additional XRD
signatures at 44.9 and 65.5 2θ (marked with ∧, pattern f), which
can be confidently assigned to the [200] and [220] planes of fcc
platinum (JCPDS 01-088-2343). Similar to the TiO2PTAAg
system, the TiO2PTAAu nanocomposite also showed addi-
tional diffraction peaks at 44.3 and 64.5 2θ (marked with *,
pattern g) that correspond to the [200] and [220] planes of fcc
gold (JCPDS 03-065-2870). Notably, because metallic silver and
gold have very similar lattice parameters, the XRD peak positions
corresponding to them in the TiO2PTAAg and TiO2
PTAAu nanocomposites are observed at the same 2θ values.
Additionally, it must be noted that the most intense diffraction
peaks attributable to the [111] planes of silver, platinum, and
gold are expected between 38 and 39 2θ. However, because of
the presence of strong diffraction features of anatase TiO2 at
those angles, the [111] diffraction peaks of silver, platinum, and
gold have beenmaskedby anataseTiO2 and as such are undiscernible.
XRD analysis therefore clearly establishes the formation of metal
nanoparticles in the respective TiO2PTAMnanocomposites.
FTIR spectroscopy was employed to gather information
regarding the mode of binding of PTA molecules to both the
TiO2 surface and the metal nanoparticles (Figure 5). It is well
known that the Keggin structure of PTA (H3PW12O40) consists
of a cage of tungsten atoms linked by oxygen atoms with a
phosphorus atom at the center of the tetrahedra.39,40 Within the
Keggin structure of PTA, oxygen atoms form four chemically
distinct bonds (denoted as POa, WObW, WOcW, and
WdOd) that have characteristic infrared signatures.
39,40 POa
corresponds to an asymmetric stretching vibrational mode
between phosphorus and oxygen atoms at the center of the
Keggin structure, giving rise to a characteristic signature at
1080 cm1. WObO and WOcW correspond to bending
vibrational modes of oxygen atoms that form a bridge between
the two tungsten atoms within the Keggin structure. Of these
two, WObW represents the oxygen atoms at the corners of
the Keggin structure and WOcW represents the oxygen
atoms along the edges, giving rise to characteristic vibrational
modes at 890 and 800 cm1 for WObW and WOcW,
respectively. The fourth vibrational mode, WdOd, corresponds
to asymmetric stretching of the terminal double-bonded oxygen
atoms, which is reflected at 980 cm1. From the FTIR spectra, it
can be seen that pristine TiO2 (curve a) possesses no significant
features above 800 cm1 whereas pristine PTA (curve b) shows
four characteristic bands attributable to POa, WdOd,
WObW, and WOcW vibrational modes at 1080, 980,
890, and 800 cm1, respectively. Because these four vibrational
modes can be clearly discerned, shifts in the vibrational modes of
the oxygen atoms can be easily followed and an understanding of
how PTA binds to both the TiO2 surface andmetal nanoparticles
can be achieved through FTIR analysis. When PTA is bound to
the TiO2 surface (Figure 5, curve c, TiO2PTA), a shift in the
characteristic vibrational mode of the WObW bending
vibrations is observed from 890 to ca. 905 cm1. This significant
shift of ca. 15 cm1 in the WObW bending vibration along-
side no detectable shifts in other vibrational modes of PTA
clearly indicates that PTA binds strongly to the TiO2 surface
through the oxygen atoms at the corners of the Keggin structure.
Upon the reduction of metal nanoparticles of Cu, Ag, Pt, or Au
on the TiO2PTA surface (Figure 5, curves dg, respectively), a
further blue shift of ca. 15 cm1 from 980 to ca. 995 cm1 in the
Figure 4. XRD patterns of (a) TiO2, (b) PTA, (c) TiO2PTA,
(d) TiO2PTACu, (e), TiO2PTAAg, (f) TiO2PTAPt, and
(g) TiO2PTAAu. Peaks attributable to the corresponding metals
are designated with special characters.
Figure 5. FTIR spectra of (a) TiO2, (b) PTA, (c) TiO2PTA,
(d) TiO2PTACu, (e) TiO2PTAAg, (f) TiO2PTAPt, and
(g) TiO2PTAAu.
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asymmetric stretching vibrational mode of the terminal oxygen
atoms, WdOd, is observed. This shift in the WdO d mode does
not follow concomitant shifts in any other vibrational mode,
suggesting that the Keggin structure of PTA strongly associates
with metal nanoparticles through the terminal oxygen atoms.
The significantly large shifts observed in the WObW and
WdOd vibrational modes during the synthesis of the TiO2 
PTAM composite also indicate that PTA molecules are
sandwiched quite strongly between TiO2 and metal nanoparti-
cles in the nanocomposites reported here. Therefore, the
TiO2PTAM nanocomposites prepared using the localized
reduction approach may be employed for solution-based photo-
catalysis reactions without causing potentially significant leaching of
TiO2-bound PTA or metal nanoparticles during application.
As previously highlighted, a major rate-limiting factor in the
photocatalytic performance of TiO2-based materials is the phe-
nomenon of electron/hole recombination.41 In this process,
upon excitation by incident photons, electrons are promoted
from the valence band to the conduction band across the band
gap, where a very large driving force exists to recombine the
electron and newly generated hole.41 Through the deposition of
metal nanoparticles onto the semiconductor surface, a Schottky
barrier can be created at the metalsemiconductor junction42
because of the difference in Fermi level positions of the metal and
semiconductor.43 Upon photoexcitation of a metal-decorated
metal oxide system, the difference in the Fermi levels of metal
and metal oxide leads to the continuous transfer of electrons
from TiO2 to the metal nanoparticles until equilibrium of the
Fermi energy levels is achieved, thus resulting in the distribution
of electrons between TiO2 and the metal nanoparticles. This
significantly suppresses the electron/hole recombination phe-
nomenon because the electrons that migrate across the Schottky
barrier become trapped in the metal nanoparticle and the newly
generated holes can freely diffuse to the TiO2 surface, which
can then facilitate the oxidation of organic species.41 Therefore,
metal-decorated TiO2 particles can play an important role in
catalyzing interfacial charge-transfer processes,43 which can
result in a significant improvement in the photocatalytic perfor-
mance of the metalmetal oxide nanocomposite material.44
Additionally, if we can sandwich a redox molecule with out-
standing electron transfer ability (e.g., PTA) between the TiO2
surface and metal nanoparticles, then this can potentially further
block the charge recombination process either completely or at
least to a very large extent (Scheme 2). As is illustrated in Scheme 2,
in this scenario, two phenomena can happen in parallel on
excitation of the TiO2PTAM composites with UV light: (i)
the photon-mediated separation of holes and electrons within
TiO2 and (ii) the UV-mediated reduction of PTA molecules
sandwiched between the TiO2 surface and metal nanoparticles.
Because PTA is an outstanding UV-switchable electron-transfer
molecule, the reduced form of PTA (i.e., PTA*) will be very
prone to accept electrons from the surrounding environment;
therefore, electrons can easily migrate from TiO2 to PTA* mol-
ecules. However, because reduced PTA* can accept only a finite
number of electrons to become completely oxidized, the metal
nanoparticles at the other end of the PTAmolecules will act as an
electron sink and the electrons transferred from TiO2 to PTA*
will readily transfer from PTA to the metal nanoparticles.
Because of the strong redox capability of PTA molecules, the
PTA molecules sandwiched between TiO2 and metal nanopar-
ticles will be continuously regenerated during the process. This
will enable a continuous supply of holes at the TiO2 surface and
electrons at the Au nanoparticle surface, which can indepen-
dently participate in the TiO2PTAM-mediated photococa-
talysis reaction. Notably, the photoelectrons in this new class of
photococatalysts can have a relatively long lifetime, which can
significantly enhance the overall photocatalytic performance of
the system. Moreover, because metal nanoparticles act as an
electron sink in these composites, the photocatalytic performance of
the composite should in principle be tunable on the basis of the
composition of metal nanoparticles used in the nanocomposite,
wherein more noble metal nanoparticles should demonstrate a
better photocatalytic performance.
To validate this mechanism, we initially compared the photo-
catalytic activity of the TiO2PTAM composites decorated
with Cu, Ag, Pt, and Au nanoparticles toward the photodegrada-
tion of organic azo dye Congo red (CR) in the presence of a
simulated solar spectrum (equatorial conditions) for 30 min.
Because CR is an organic dye, its photodegradation can be easily
followed using UVvisible spectroscopy (Figure 6). Because CR
displays strong absorption in the range of 200600 nm, one may
speculate that CR is degraded by direct light absorption or dye-
sensitization pathways.45 As can be seen in Figure 6, 30 min of
exposure of CR to simulated solar light in the absence of any
photocatalyst resulted in ca. 7% photodegradation of CR (as
determined by the reduction in the intensity of A500 of CR). As
expected, the introduction of anatase TiO2 resulted in an increase
in the photodegradation of CR to ca. 20%, indicating that pristine
TiO2 was photoactive toward facilitating the degradation of CR.
Notably, PTA is also known for its photocatalytic activity,46 in
addition to its outstanding electron-transfer ability, and exposure
of CR to pristine PTA resulted in ca. 22% photodegradation of
CR. Conversely, after forming a composite with TiO2, the photo-
catalytic activity of the TiO2PTA material increased to ca. 32%,
which can be attributed to its cocatalytic activity as a result of the
presence of both the TiO2 particles and the PTA molecules.
Notably, when metal nanoparticles were introduced into the
TiO2PTA compositematerials, the photocatalytic performance of
the TiO2PTAM composites increased dramatically. In terms of
Scheme 2. Schematic Representation of the Plausible
Mechanism Involved in Enhancing the Photoactivity of
TiO2PTAMetal Nanocompositesa
aCR and CRox correspond to Congo red dye before and after its
oxidation, respectively, in the presence of the nanocomposite photo-
cocatalyst. VB and CB correspond to the valence band and conduction
band of TiO2, respectively, and hν represents the incident photon.
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the order of increasing photocatalytic activity, the TiO2
PTACu composite caused ca. 58% photodegradation of CR,
which increased to ca. 71% degradation by the TiO2PTAAg
composite, with a further increase in photoactivity to ca. 79%
by the TiO2PTAPt composite, with the highest being 86%
photodegradation of CR on exposure to the TiO2PTAAu
composite for 30 min under simulated solar-light conditions. It is
interesting that the increase in the photocatalytic activity of
TiO2PTAMcomposites seems to follow the trend of increasing
nobility of the metal employed, which supports the mechanism
proposed for this new class of photococatalysts.
Because TiO2PTAM nanocomposites demonstrated sig-
nificant activity toward the degradation of CR under simulated
solar-light conditions, to validate whether this new class of
photococatalysts were visible-light-active, we further compared
the photoactivity of thesematerials toward the degradation of CR
under UV (253 nm) and visible light (575 nm) (Figure 7). As
expected, all of the TiO2PTAM nanocomposites showed
significant photoactivity toward CR degradation on excitation
with UV light for 15 min (Figure 7a). However, the TiO2
PTAPt catalyst was found to be more active than TiO2
PTAAu under UV light (Figure 7a), which is different from our
observation under simulated solar light (Figure 6b) wherein the
TiO2PTAAu catalyst was found to be the most active one.
Interestingly, all of the TiO2PTAM nanocomposites also
showed significant photoactivity toward CR degradation in the
presence of visible light for 30 min (Figure 7b), which indicates
that the nanocomposite photococatalysts reported in this study
are visible-light-active materials. However, it should be noted that
the photoactivity of TiO2PTAM nanocomposites is signifi-
cantly lower under visible light (30 min) in comparison to that
under UV light (15 min). It is even more interesting that under
visible-light conditions the TiO2PTAAu catalyst was found
to be the most active (Figure 7b), which was also the case under
solar-light conditions (Figure 6b), but not the case under UV-
light excitation (Figure 7a). It is likely that the higher photo-
activity of TiO2PTAAu compared to that of TiO2PTAPt
under visible-light conditions might be due to the higher SPR
absorbance of Au nanoparticles compared to that of Pt nano-
particles under visible light. However, this aspect will require
further detailed investigation.
To validate whether the observed photocatalytic activity of
TiO2PTAM composites was due to the inherent photocata-
lytic nature of the composites or potentially due to the non-
specific adsorption of CR molecules onto the catalyst surface, we
investigated the reusability of different TiO2PTAM compo-
sites toward the photodegradation of CR for up to five cycles
(Figure 7). The reusability studies show that although some
activity is lost over five cycles, the TiO2PTAM composites
remain significantly more active than pristine TiO2 even after
reuse for multiple cycles. This further supports the significantly
high photoactivity of the TiO2PTAM composites reported
here. Moreover, no significant difference in the CR dye adsorp-
tion capacity of pristine TiO2 and TiO2PTAwas observed, thus
reaffirming the superior photocatalytic performance of TiO2
PTAM composites over pristine TiO2 particles (Supporting
Information, Figure S1). Additionally, another organic azo dye,
methyl red (MR), was treated with different nanocomposite
photocatalysts under UV- and visible-light conditions and ex-
hibited similar photodegradation behavior, as was observed for
CR (Figure S2). This suggests that TiO2PTAM composites
can be employed for the efficient photodegradation of a range of
organic dyes and other organic pollutants.
’CONCLUSIONS
This work demonstrates a generalized approach toward
creating a new class of smart TiO2-based photococatalyst sys-
tems and employs polyoxometalate (POM) as a multifunctional
linker molecule with demonstrated capabilities of POM toward
acting as a photocatalyst, as an efficient electron-transfermolecule to
Figure 7. Percentage of photodegradation of CR expressed as a
reduction in the intensity of A500 on its exposure to different photo-
catalysts in the presence of (a) 253 nm UV light for 15 min and
(b) 575 nm visible light for 30 min. Five bars within each labeled catalyst
indicate the activity of photocatalysts during the reusability of the
catalyst for up to five cycles.
Figure 6. (a) UVvisible absorbance spectra of organic dye Congo red
(CR) upon exposure to different nanocomposite photocatalysts for
30 min under simulated solar-light conditions and (b) the percentage
photodegradation of CR expressed as a reduction in the intensity of A500.
The control in graph b represents the % photodegradation of CR in the
absence of any photocatalyst but in the presence of simulated solar light
for 30 min.
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suppress charge recombination, and as a UV-switchable reducing
agent to decorate a TiO2 surface with a range ofmetal nanoparticles.
The study shows not only that presence of a sandwiched PTA
layer between the TiO2 surface and metal nanoparticles can
significantly improve the visible- and solar-light photoactivity of
the TiO2-based systems but also that the plausible mechanism
involved in improving the photocatalytic performance of these
materials has been proposed. The generalized approach pro-
posed here is likely to be equally extendable to similar systems,
wherein other metals and metal alloys and a range of other
Keggin-type polyoxometalates and charge-transfer molecules can
be employed to fine tune the photocatalytic and solar cell
performance of such systems. The choice of an appropriate
metal-decorated TiO2POM photococatalytic system can be
particularly important in industrial photocatalysis applications
considering the significant difference in the cost of different
noble metals. The metal-decorated TiO2PTA nanocomposites
reported in this study are expected to have wide-ranging potential
implications in the degradation of organic molecules and pollu-
tants as well as in solar cell applications.
’METHODS
Materials. Potassium tetrabromoaurate (KAuBr4 3 2H2O), chloro-
platinic acid (H2PtCl6 3 2H2O), cupric chloride (CuCl2), and silver
sulfate (Ag2SO4) were obtained from Sigma-Aldrich. Anatase titanium
dioxide (TiO2) powder and propan-2-ol (isopropanol) were obtained
from BDH Chemicals, and 12-phosphotungsticacid hydrate (H3PW12-
O40 3 2H2O) was obtained from Scharlau Chemie. All chemicals were
used as received without any modification.
PTA Functionalization of TiO2. TiO2 powder (100 mg) was
dispersed in 100 mL of an aqueous 10 mM PTA solution and left
overnight under mechanical stirring. The solid products were centri-
fuged andwashed three times with deionized water (Milli-Q) to facilitate
the removal of uncoordinated PTA molecules. The composite was then
dispersed in 25 mL of deionized water, which resulted in a product
designated as TiO2PTA, wherein PTA molecules were directly bound
to the TiO2 surface.
Photochemical Deposition of Metal Nanoparticles onto
TiO2PTA. The strong UV-switchable reduction capability of PTA
molecules bound to TiO2 particles was utilized for the reduction of Cu
2+,
Ag+, PtCl6
2, and AuBr4
 ions on the TiO2 surface. In four parallel experi-
ments in quartz tubes, 4 mL of TiO2PTA (4 mg mL1) solutions were
mixedwith 1mLof propan-2-ol, followed by purgingwithN2 gas for 15min
and photoexciting solutions under a UV lamp (λex = 253 nm) for 2 h to
allow TiO2-bound PTA molecules to become reduced. To each of these
four solutions, 5 mL of 1 mM CuCl2, Ag2SO4, H2PtCl6 3 2H2O, or
KAuBr4 3 2H2O was added, and the mixture was allowed to mature for
2 h. After 2 h, the suspensions were centrifuged at 3000 rpm to
precipitate the TiO2PTAM composites. The resultant composites
were resuspended in 25 mL of deionized water and stored at room
temperature.
Materials Characterization.All of thematerials were examined at
various stages of synthesis using transmission electron microscopy
(TEM), UVvisible spectroscopy (UVvis), energy-dispersive X-ray
spectroscopy (EDX), and Fourier transform infrared (FTIR) spectros-
copy as well as X-ray diffraction (XRD). The samples for TEM were
prepared by drop coating the solutions onto a carbon-coated copper
grid, followed by TEM measurements using a JEOL 1010 instrument
operated at an accelerating voltage of 100 kV. The UVvisible absorbance
analysis of aqueous colloidal suspensions was performed using a Cary 50
biospectrophotometer at a spectral resolution of 1 nm. EDX analysis was
performed using an FEI NovaSEM instrument coupled with an EDX
Si(Li) X-ray detector, FTIR spectroscopy was performed using a Perkin-
Elmer Spectrum 100 instrument, and XRD was performed using a
Bruker AXS D8 Discover with a general area detector diffraction system
(GADDS).
Photocatalytic Degradation of Dye Molecules. The photo-
catalytic ability of TiO2-based composites was studied by adding one of
the composite materials to an aqueous solution of organic azo dye Congo
red (CR) and recording the intensity of the characteristic absorption
maxima (λmax = 500 nm) after 30 min of exposure to simulated solar
light. To assess the photocatalytic performance, nanocomposites con-
taining 12 mg equiv of TiO2 were separately added to 10 mL aqueous
solutions containing 10 μM CR. In a control experiment involving
pristine PTA, the amount of PTA used during photocatalysis experi-
ments corresponds to the equivalent amount that was used to bind PTA
to TiO2. Please note that not the entire amount of PTA used in binding
experiment was bound to TiO2; therefore, a significantly larger amount
of PTA has been used in the control photocatalysis experiment. For
photocatalysis measurements, an Abet Technologies LS-150 series
150W Xe arc lamp source that simulates solar light under equatorial
conditions was used, with the sample placed in a quartz vial 10 cm away
from the source under mechanical stirring. After 30 min of irradiation,
the samples were centrifuged to remove the composite material, and the
remaining solutions were examined by UVvis spectroscopy. In a
procedure similar to that described above, the photocatalytic degrada-
tion of two azo dyes, viz., Congo red (CR) and methyl red (MR), was
studied under UV- and visible-light conditions for 30 and 15 min,
respectively, for five repeated cycles. For UV-light experiments, dye
solutions were excited using a 30 W UV lamp with λmax = 253 nm
(Southern New England Ultraviolet Company  RPR-2537 A) and at
an operating distance of 10 cm. Visible-light experiments were per-
formed using a 575 nm lamp (SNE Ultraviolet Co. RPR-5750 A) at the
same power and operating distance. It is evident from the spectral profile
of the excitation lamps used in this study47 that the visible-light source
used here (RPR-5750 A) does not absorb significantly in the UV region
(below 380 nm); therefore, the visible-light activity observed in our
study is predominantly due to the inherent physicochemical properties
of the prepared photocatalysts and is not due to potential minor UV
contamination from the excitation source. For reusability experiments,
different photocatalysts were separated from the dye solutions after each
reaction by centrifugation at 3000 rpm, followed by the exposure of used
photocatalysts to the fresh dye solutions and recording dye photode-
gradation by UVvis spectroscopy.
’ASSOCIATED CONTENT
bS Supporting Information. Relative adsorption of CR on
TiO2 and TiO2PTA particles and photodegradation of MR in
the presence of UV and visible light. This material is available free
of charge via the Internet at http://pubs.acs.org.
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